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T^tA^SfOR^ATK!:i 1JS«AKV j 
PREFACE. \^C.j 



Tnia little rolame treats only of tbe 
Woolf compound engine, that is, oike in 
which the pistons move simnltaneoualy, 
except in Oases Y., VI. and VIH., for 
pompingengrines; and with the exception 
of v. and VI. the engines may be rota- 
HvB; that ie, have a main shaft, fly- 
wheel, etc. The rotative engines may 
serve for pumping engines, or any other 
purpose. 

No case is treated in which the cranks 
may be otherwise than all on their lines 
of centers simultaneously except case 

vm. 

The treatment has been by analysis, 
so far as escesBively complex formulas 
could be avoided. When expansion is 
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introduced in . ,■■-,■ eesore cylinder 

the formulae .' ■ f- tii.> many terms, 
and to accouui ' i 'ii-^- ' >a and clearance 
in addition, t ■■ :::i,iJ-. :i -.vl formulaB be- 
come useless 'm ■ i .■*, if not im- 
■ possible to ob-.''. 

For this reason the graphical method 
has been resorted to in treating of the 
details respecting the effects of cushion, 
clearance and expansion in both cyl- 
inders, together with an intermediate 
receiver. 

The graphical method is believed to be 
capable uf great service is discussing the 
' effects of matters that cannot be con- 
veniently reached by analysis. For this 
reason pains have been taken to extend 
the graphical diagrams to include con- 
siderable detail. It is believed that with 
the diagrams herein presented, the most 
fastidions investigator or designer can 
correctly lay out the theoretical diagrams 
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for any engine of the type here diBCiissed ; 
and settle questions of relative efficiency 
of TariooB modifications as to design or 
dimensions of parts thermodynamically 
involved. In Part I. a method and tables 
are given for finding the relative volumes 
of cylinders for equally dividing the work 
between the two cylinders on the suppo- 
sition of no receiver, clearance, cushion, 
superheating, reheating, fluid friction, or 
back pressure of exhaust This will 
serve as a guide to an approximate re- 
sult for a practical case where all the 
above-named qualifying causes cannot be 
entirely avoided. With the first ap- 
proximations thus obtained, Part II. will 
serve for securing a more extended re- 
finement of approximation. 

S. W. R. 
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The Woolf Coupodmd Engine Witeotit 



The compound engine — whatever di- 
versity of opinion maybe held by en- 
gioeers Eind others &b to its merits as an 
economical expansive engine — has at- 
tracted towardp '.tself a very considerable 
share of attentjii, from the superior re- 
Bulta that have been obtained by it in 
many instanceB ; and it is reasonable to 
suppose that, when a certain degree of 
perfection has once been attained in the 
mancfacfure of any machine, or econ- 
omy secured by any new aixangement of 
its parts, similar machines can be bo con- 
structed as to give out the same results, 
if proper care is taken that the same ar- 
rangement and construction is faithfully 
carried out as in that of the more per- 
fect machine. And when that degree of 
economy has not been obtained from a 
compound engine which had reasonably 
been expected, it woul<?, no doubt, be 
found, if proper inquiry were made, that 
the fault lay, not in the principle that had 
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beeD adopted, bat tbat sufficient skill had 
not beeu exercised in properly proportion- 
ing the different parts through 'which the- 
steam had to pass or come in contact on its 
way from the boiler to the condenser, and 
that sufficient means had not been em- 
ployed to prevent or replace any wast« of 
heat from condensation and other causes. 

As the oompound engine is being now 
so universally adopted in the Mercantile 
Marine Service, and a knowledge of its 
principles absolutely necessary by those 
engaged in attending it, we will, in the 
following remarks, esplain these princi- 
ples in as simple a manner as possible, 
and institute a comparison between the 
respective merits of the single-cylinder 
expansive condensing engine and the 
compound engine. 

The oompound engine is a high and 
low-pressure condensing engine, having 
two ordinary steam cylinders, the smaller 
or high-pressure cylinder communicating 
direct with the boiler, the larger or low- 
presanre cylinder direct with the con- 
denser, and both vrith each other. The 
steam is admitted freely from the boUer 

u,3,,zMn, Google 



11 

into the bigh-pressure cylinder until the 
piston has been moved throngh a certain 
distance where the valve is ao regulated 
that the communication with the boiler 
is entirely shut off, and the remainder of 
the space to be paespd throngh by the 
piston is performed by the espaneion of 
the Bteam now shut up in the cylinder, 
and which, after doing its work in this 
cylinder, passes on to the low-pressure 
cylinder, where it does an equal or pro- 
portionate quantity of work, and then 
passes into the condenser. This is the type 
known as the Woolf compound engine. 

It has been found from modem prac- 
tice that when the length of stroke of 
both cylinders is the same, it is necessary 
that the condensing cyhnder be about 
three times greater in area than the high- 
pressure one, and this proportion is best 
suited when the steam employed is from 
45 to 50 lbs. pressure above the atmos- 
phere, and cutting off the steam after 
being admitted during J of the stroke 
in the high-pressure cylinder. When the 
steam to be employed is of a less press- 
ure, but the point of cut-off the same, 
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then the relative proportiODa of the cylin- 
ders mnfit be nearer to each other, and the 
reverse when eteam of a greater presa- 
nre is to be used. 

The Sinole Cilindbb ExpAHSiyi EitaiNE. 
To get the raasimum of economy out 
of any class of expansive condensing en- 
gine, the pressnre of steam and point of 
cut-off must be so regulated that the 
steam passes into the condenser at the 
end of the stroke at a pressure not ex- 
ceeding 5 lbs. above a perfect vacuum, 
and with steam at 46 lbs pressure above 
the atmosphere, which is equal to 60 lbs. 
pressure above a perfect vacuum (the 
pressure of the atmosphere being con- 
sidered as equal to 15 lbs. on the square 
inch), and a terminal pressure of 5 lbs., 
■we get, according to Mariotte's law, 12 
expansions, because the pressure at the 
end of the stroke is 12 times lass than 
what it was at the point of cut-ofT, and is 
expressed by the formula 

where Pj=presBure at point of cut-off. 
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P,=teTmmal preasure, and B=ratio or 
whole number of expansions. To simplify 
this inquiry the law of Mariotte has been 
aBsumed throughout, tIz., that the pro- 
duct of simultaneous pressures and vol- 
umes is constant. Hence as the pressure 
of dry saturated steam varies nearly in- 
versely as the space it occupies, the steam 
win now fill nearly 12 times the space it 
originally occupied at a pressure equal to 
^th of the original pressure. 

On reference to the annexed table of 
average or mean pressures, it will be seen 
that steam admitted at 60 lbs. pressure, 
and cut-off at ,';th part of the stroke ex- 
erts an average preaeure=17.32 lbs. per 
sq. in. on the piston throughout the 
whole stroke, and although this is about 
34 times leas work than would have been 
done had the steam been used at the full 
pressure of 60 lbs. throughout the whole 
length of the stroke, still only a 12th 
part of the cylinder's contents had been 
filled from the boiler, and the power re- 
quired is thus got by working the steam 
expansively, at a saving equal ta about 3^ 
to 1. (See Table A.) 
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Table A—ConliniiKl. 




To Calcdlat£ thb Mean Fressobk for 
One :Stroke of the Single Cylinder 
Engine. 

As the point of cut-off may be different 
from any of those shown in the table, it 
is KB well that the student should be in 
possession of & simple formula for ascer- 
taining the average pressure for himself 
at any time, and the following is given 
to find out the mean pressure during a 
stroke in lbs. per sq. in. Let 
L='Who]e length of stroke in inches. 
I ^Distance traveled by piston before the 

steam is cut off, in incfaes. 
R=Batioor number of expansions= — . 
H=Hyperboliclorgarithm of R. 
P, ^Initial pressure of steam in lbs. per 

sq. in. 
Pm=Mean pressure for the stroke in lbs. 
per sq. in. 



A table of hyperbolic logarithms is 
also annexed so tbat H may be found 

without any difficulty. 

Table B. — Of Hypkkbolic Logarithms. 
The Hyperbolic Logarilbm of a number is 
found by multiplying the commga Lugai. 
ithm of tbe Dumbrr by 8.30359. 



No. 


Logaritbm. 


No- 


Logarithm, 


1.1 .. 


. . .0933103 


3.8... 


... 1,3350010 


i.a,,.. 


.. .1823215 


3 9... 


... 1.3609765 


1.3.... 


. . -3«3?643 


4.0... 


... 1.386;948 






4-1... 


,.. 1,4109869 


1.5.... 


. . .4054653 


4.3..- 


... 1.4350845 


1.6 ... 


. . .4700086 


4-3... 


... 1,4586149 


1 7.... 


. . .5306383 


4,4-.. 


... 1,4816045 


i.y.... 


- . -5877866 


4-5.-. 


... 1,5040773 


1 9,... 


. . -6418538 


4.6... 


... 1,5260563 


3.0... 


- . .6931472 


4.7... 


... 1,5475635 


2.1 .. 


. .7419373 


4.8... 


... 1,5686159 


3.S.... 


. . .7^84573 


4.9... 


... 1.5892353 


S.8... 


. . .8329090 


5.0... 


... 1.6094379 


3.4... 


.. .8754686 


5.1... 


... 1,6293405 


a.5... 


. . .9163907 


5-3... 


... 1-641^6586 


3.6.... 


. . .8555118 


5.3 .. 


... 1.6677068 


3.7... 


.. .993>5I8 


5,4... 


,.. 1,6863989 


3.8... 


,. 1.0296918 


5.5... 


... 1.7047481 




-.1.0647107 


5,6.-, 


,-- 1 7337665 




., 1.0a80ia4 


5.7.., 


,., 1.7404661 


8.1...: 


.. 1,1314031 


5.8,,, 


... l-7578r)79 


3.3.... 


.. 1.1631508 


5,9-,- 


... 1.7749523 


3.3.... 




6.0,,- 


... 1-7917595 




.. 1.2337754 


6,1,.. 




Jt.5,... 


.. 1.3)2763!) 




- . . 1 P24.'Wfl3 


8.B. . 


. 1.3809338 


6,3,.. 


..- 1.8405496 


3.7.... 


-. 1.3083838 


6,4... 


... 1.8563979 



No. 


LogariCbm. 


No. 


Logsriihm. 


e.5... 


... 1.8718031 


9.3... 


,. 3.3300144 




... 1.8870697 


0.4... 


.. 3,2407096 


6.7... 


... 1.8021075 


S.5... 


.. 3.3613907 


6-8 .. 


... 1.9169236 


9.6.., 


. , 3 2617631 




... 1.9315S14 


9.7.. 


.. 2,2731358 


7,0... 


... 1.9459100 


9.8.. 


.. 3.3823823 


7.1... 


., 1.9600947 




.. 2,2935347 


7, a... 


.. 1.9740810 


lO.U.. 


... 3.8035851 




.. 1.9878748 


11,0.. 


, . 3.3B78953 


7.4 ... 


.. 3.0014800 


13.0,. 


... 3,4849065 


7.5.... 


.. 3.0149030 


13.0.. 


... 2.5649494 


7.e.... 


. . 3.0281488 


14.0.. 


. .. 3.6390573 


7.7.... 


.. 2.0412303 


15.0.. 


... 2.708(1502 


7.6.... 


.. 2.0B41337 


16,0,, 


. . 2.7726067 


7 9.... 


.. 3.0668627 


17,0,. 


... 2,8333841 


8.O.... 


.. 2.0794414 


18.0, 


. 3,8903847 




2,0918640 


19,0... 


... 2,9444497 


8.i3.... 


.. 3.1041341 


20,0,. 


. 3.9957333 


8.3.... 


.. 2,11625.55 


31,0.. 


.,. 3.0445437 


8,4.... 


.. 3.1383317 


33.0. . 


. . 8,0910563 




.. 3.1400661 




.,. 8.I3S4964 


8,a.... 


.. 3.1017632 


24,0,. 


. .. 3.1780715 


8.T.... 


.. 2.1633230 


35,0., 


.,. 8.21887S7 


8.8.... 


.. 3.1747517 


26.0.. 


.,. 8 3581090 




.. 3.1860512 


37,0,, 


. .. 3-2IJ58495 


».o.... 


.. 3,1973345 




... 3.3333306 


9.1. . 


.. 3.3082744 


29.0.. 


... 3,3673993 


9.3. .. 


. . 3.3193034 


30.0,. 


... 8,4011874 



Simple and Compound Engines Compaeed. 

In order to arrive aj the merits and 
capabilities of the compound engine, let 
us first see whttt are the results got from 
a single-cylinder condensing engine of 
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■power. 



given dimensions and cutting off the 

steam to work with a cert^n nranber of 

expansions. Let 

D =Diaineter of cylinder in inches, 

L = Length of stroke in feet, 

N =Niiinber of revolutions of crank per 
minnte, 

p =Mean or average pressure on pie- 
ton, 

then, for arriving at the horse-power we 

use the following formula: 

D'X.78d4x2LxNxp m . 

33,000 °™^' 

But as D'X.7854=area of piston, and 
2L y N =8peed of piston in feet per min- 
ute, we will make D'X.TSW^A, and 2L 
XN-=S, the formula then becomes 

AxSx p,„„„ p 
33,000 -'^■^■ 

and supposing the cylinder to be 24 in. 
diameter, length of stroke=4ft; number 
of revolutions per minute=&0; pressure 
of steam at beginning of stroke=601bs. 
(all pressures here mentioned are above a 
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perfect Tacnuin), point of cutrofii=^jth 
part of the stroke, or, after the pietoQ 
has traveled 4 in., so that 

D =24 inches. 

2L=8feet, 

N =50 revohitioDs. 

P, =60 lbs. 

452.4x400x17.32 _ , 

33.000-—=*^ horse-power; 

To distribute this power equally over the 
working parte of a compoaud engine, it 
is desirable that both cylinders be so pro- 
portioned that they will each give out 
nearly the same power, and that the 
thrust caused by the entrance of the 
steam at the beginning of each stroke be 
the same in both cylinderB. 

To attain this with an accuracy suffi- 
cient for all practical purposes, it is neees- 
sary that the low-pressure cylinder be 
larger tlian the high-pressare cylinder in 
area, by the ratio of expansion that takes 

I- Google 
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place in the high-pressure cylinder; that 
IB to Bay, if 

a =area of piston in high-presBure cylin- 
der, 

r|=ratio of expansion in high-pressure 

cylinder, 
A=area of piston in low-pressure cylin- 
der, then for equal stroke-lengths 



So that if F, — initial pressure in small 
cylinder, and P'— initial pressure in large 
cylinder, the area of large piston, multi- 
plied by P', will be equal to the area of 
small piston multiplied by P,, thenP'A= 
P,a. 

But the ratio of expansion will now be 
the same in both cylinders, and the ratio 
of the entire expansion in both cylinders 
is equal to R.the initial pressure in small 
cylinder, divided by the terminal press- 
ure in large cylinder, heuce we get 

P P' P 

I- Google 



23 

and hence r, = v'R= the ratio of expan- 
rion 'in each ^-ylinder; and as we have 
already taken P,=60 lbs., andP,=5 Iba., 

webavey — =3.46=ratioof areas of the 

two pistons, and also ratio of expansion 
in each cylinder, and consequently =r,. 

From the natnre of the compound en- 
gine now considered, the area opened up 
for the steam by the movement of the 
large piston is at all times decreased by a 

proportionate part=—=l, by the advanc- 
ing area of small piston, so that the space 
actually occupied by the expanding steam 
is ^ A — 1, and from this we get the 
formula for ascertaining the average 
pressure in the low-pressure cylinder of 
a Gompoimd engine. 

where r,=ratio of expansion in the large 
cylinder, and H' the hyp. log. r,.* 
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Table C. — Showing thb Relatifb Abeas 
or THB Two Ctlindebs of a CoiiPonND 
Enoin£, with the Avesaoe PuEesuKE ix 
Eaoh Cylindeb, etc. : 



H 



Pm 


P'm 


23.33 


7.52 


3610 


7.83 


28.85 


8.04 


8147 




34 00 


8.40 


3&44 


8.58 


38.83 


8.74 


41.13 
43.39 


885 
9.08 



53.84 
55.84 
57.77 



70.51 
72.25 
I 78.S5 
75.67 



15.71 
18.37 
20. HI 



9.08 


34.31 


fi.n 


36.46 


9 24 


88.48 


9.34 


40.44 


9,44 


42.41 


9.56 


44.28 


9,64 


48.20 


9.73 


46.04 


9.82 


49. 8T 


9.89 


51.68 


9.96 


53.47 


10,05 


S5.S7 


10.18 


56.89 


lOSl 


58 66 


10.26 


60.25 


10.82 


61.93 


10.38 


63.57 


10 46 


65.21 


10,52 


66 76 


10.58 


68 85 


10.64 


69.93 


10.70 


71.44 


10.75 


72.98 


10.80 


74.52 


10 8S 


76.91 



The accompanying table hae been 
drawn out for easy reference in con- 
lormity with this rule. The first column 
=^F,=the initial presaure of the steam 
above a perfect vacuum on entering the 

small cylinder; the 8econd=r|=y =i 

shows the relative areas of the two 
cylinders, and also the number of ex- 
pansions in high-pressure or in the low- 
pressure cylinder ; the third column, 
= P' = the terminal pressure in high- 
pressure cylinder, gives the pressure at 
beginniag of stroke in the low-pressure 
cylinder; the fourth column, =H' con- 
tains the hyperbolic logarithms of r, ; 
the fifth, =:pm, gives the average press- 
ure for a stroke in an equivalent 
single cylinder, for the different values 

of r, and =P, j the sixth column, 

=/''mi gives the average pressure during 
a stroke in the low-pressure cylinder of a 

compound engine, and=P'^ ; and the 
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last column, p'„) gives the average press- 
ure for a stroke Id the high-presenre 
H' 
r,-l' 

Now, BtB the power to be given out by 
both cylinders is to be the same, the 
power that is required to be given out by 

A=-^=:47.5 horse-power, and aay -^=: 
3 464P,x3,464=17.32=P',andfromtlie 
above formnla we get p'„= 17.32^— ;i = 

8.74 lbs. average pressure per square inch 
on piston. So that we can now get what 
area of piston is required to give out this 
power by 

47.6x33,000 .„ ..„,. , 
'400x8:7^=*^'^==** ^^^^'' 
and as the urea of the two pistons are to 
each other as 1 to 3.464, we get the area 
of small piston =130 sq. in. =13" diajneter. 
The work performed in one cylinder is 
here the same as in the other, that is 
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Bnt in glancing over the table vie see 
that this relation only holde at r, =3.464, 
the only possible expansion for equalized 
work, and for equal expansions in the two 
(Tflinders. 

Table D. — Of the Pbesbdre, Tkupeba- 
TDBE, VoLCUE AND Mechahicai. Effect 
07 Stkau. 

AtMOlute ' ' Tolume of 

preamre iCorreapond- steam 

In lbs. I liut I compared 

per tempeiv- i wltb 



1924 
1848 
1969 



30SO 
1904 
1778 
1669 



Hanklne. . ^__, 

oont. at 80 lbs. ; 6 pet cent, at 70 lbs ; ' 
lOD lbs,, uid upwara, per Bqoare Inch. 
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Table D — (Continued): 




5ottBrtll, ZeuDer, Koi 



than those slven bj 
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Table D — (Continued). 



TSchS 




water. 


1 ft, high. 


42 


372.1 


640 


2378 


43 


273.6 


63S 


2378 


44 


275.0 






4S 


376,4 


610 


3287 


46 


377 8 


598 


3291 


47 


279.3 


586 


3296 


48 


380 5 


575 


2300 


49 


281.9 


564 


3304 


50 


383.3 


554 


2308 


51 


384.4 


644 


3313 




385.7 


534 


2816 


S3 


286.0 


536 


3320 


G4 


388.1 


5ie 


2334 



301.3 

302.4 
308.4 



kine, Cotterill, Zennei 
:. at 80 lbs.; S per cent 
bB., and apwtird, per'sq 



2347 
23S1 
3365 
2^59 



it TO lbs.; 7 per cent, a 
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Tablk D — (Vontinued). 



prewnre jCorreBpond- 



814.0 

!il4.9 
315.8 
310.7 
317.6 
318.4 
319,8 
3'0.1 
831.0 



:>400 
2408 
34(15 
2408 
3411 
2414 
2417 
2419 



3437 
2480 
3132 



3440 
2448 
344S 



, , lower than those kIibd by 

Hanklne, Cotterill, Zeuner, Bont«en. Ac bjr8 per 
"■— ' atSOIba.; Bpei" cent, at 70 ibg.; Tper cant, at 
1.1 aod upwud, per square Incb, 
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Table V—f Concluded J. 











AbBDiate 




Volume of 


effect of 


PTOBSUrO 
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of water 






volume of 
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1 ft. high. 


U 


827.5 


313 


3448 


96 




810 


3450 


96 


839 :o 


304 


3463 


97 
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804 


3455 


98 


330, S 


801 


2457 


90 


831,8 


298 


3460 


100 




395 


2462 


110 


88912 


371 


2486 


120 


345.8 


251 


2507 


ISO 


353.1 




3537 


uo 


357.9 


218 


2645 


150 


363.4 


205 


2561 


160 




193 


3677 


170 


378 6 


188 


2598 


180 


378.4 


174 


2608 



'These preBsnreB run lower than those alTen br 
RanklDe, Uotterill, Zeuner, Rontten, Ac, by 8 per 
cent, at 30 lbs. ; 6 per cent, at 70 lbs. ; 7 per cent, at 
ICO lbs,, and upward, per square Inch, 



Advantage op Compoumdihg. 

From ibis we can Bee that for a com- 
pOTind engine to esert the same power as 
a single-cylinder condensing engine with 
Uie same nnmber of expaneione in both 
cases, the low-pressure cylinder of the 
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compound engine requires to be equal in 
diameter to the single cylinder of the 
condensing engine ; and from thie being 
the case, it eeems quite reasonable to say, 
that if the power exerted can be got 
' from one cylinder with the steam ex- 
panded a certain number of times, it 
would be unwise to add to the expense 
of the engine by expanding the same 
number of times in two cylinders instead 
of one. Jiut as the source of the power 
obtained is the heat passed into the cyl- 
inder from the boiler, and as the econ- 
omical working of the engine depends 
on the greatest quantity of this heat that 
can be converted into power, it is herein 
where the compound engine has the ad- 
vantage over any other class of engine, 
and we will compare the single and the 
compound engine from this point of 

Condensation Avoided. 

The steam enters the single -cylinder 
engine at apresaure=60 lbs. per sq. in,, 
the temperature of which, on reference 



to the aanexed table, will be found to be 

equal to 295.C deg. Aft«r doing its work 
it terroinatee with a pressure— 5 lb8.= 
161.4 deg. in temperature, and con- 
sequently has cooled down the cylinder 
to the same temperature. The fresh 
steam on entering to perform the next 
stroke can only be effective at a tempera- 
ture corresponding to its pressure, and 
it has to part with heat until it brings 
the cylinder up to ite own temperature. 
This occasioDB the condensation of a 
considerable quantity of fresh steam, 
and consequently the amount to be sup- 
plied from the boiler per stroke is in- 



Grbatbr Efficibhci oi^ the Stbah 
Jacket. 

Now the pressure at the beginning of 
the stroke of the high pressure cylinder 
of the compound engine is the same= 
60 lbs. per sq. in. ; but owing to the 
fewer number of expansions carried out 
in this one cylinder, it terminates 
this stroke with a pressure =17.32 lbs. 

u,3,,zMn, Google 



34 

per Bq. in., the temperature of which will 
be found ou reference to be 220 deg., 
being a difference of only 76 deg. instead 
of 135 deg., or just about one-baU. i 
great part of this waete of the heat that 
is passed into the cylinder can be pre- 
vented by having a space round about 
the cylinder, and at both ends, filled with 
steam at the boiler pressure ; but, this 
steam jacket, as it is called, is much more 
effective in the compound engine than in 
the single cylinder engine, for this rea- 
son : It has been found from experiment 
that the rapidity with which two volumes 
of steam of different temperatures seek 
to equalize themselves is as the square of 
their difference in temperature, that is to 
say — that if you mix steam of 200 deg. 
with steam of 100 deg., and steam of 400 
deg. with steam of 100 deg., the differ- 
ence of temperatures of the former be- 
ing as 2 to 1, and of the latter as 4 to 1, 
and as 2'=4, and 4'=16 ; the latter tem- 
peratures will seek to equalize themselves 
four times quicker than the former, and 
as the variation of temperature is much 
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greater in the single cylinder thsn in 
either of the oylinders of a compound en- 
gine, the heat from the steam jacket must 
pass through the metal ^ith great rapid- 
ity to replace that wasted by condensa- 
tioD, and this it cannot do so effectively 
as when the temperatures are not so 
widely varied; and this is one of the 
great advantages possessed by the com- 
pound or double- cylinder engine. 

BsDrcTiON OF Fbiotion Ain> Toksional 

MOUENT. 

Another feature in which the com- 
pound engine bears favorable comparison 
with the single-cylinder engine is in the 
difference of the thrust caused by the 
entrance of the steam at the beginning 
of each stroke, and consequently on the 
amount of pressure or friction thrown on 
the crank pin and crank shaft journals, 
compared with the power to be exerted. 
If we multiply the area of piston in 
single cylinder by the initial pressure, 
we get 462x60=27,120 lbs. total press- 
ure, or equal to a blow of fully 12 tons 
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at Ihe bagiiming of the stroke. It, in 
like manner, we multiply the areas of 
both pistons of the compound engine by 
their respective initial pressures we get 
131x60=7,860 and 452xl7.32=7,8'i8, 
which being added together, gives a total 
pressure at beginning of stroke when 
both pistons are moving simultaneously 
=15,688 lbs=about 7 tons or little more 
than one-half of that in the single cylin- 
der, and from this it can be easily seen 
that as a less shock is given to the work- 
ing parts by about one-half, the dimen- 
sions of these parts can be made pro- 
portionately less, and a gentler, steadier, 
btit equally effective motion is imparted. 

Abbangement of Parts . 
The compound engine, both for marine 
and stationary purposes, has had the 
position of its -iylinders and the com- 
binations of it& parte arranged in many 
different ways, in some cases to suit the 
space available for its ereticon, and in 
others, according to the different ideas of 
the different manufacturers ; but the 
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principle being the same in all caees, an 
equal economy should be got if care is 
taken in bo proportioning the paeeages 
for the Bteam that no nndue obstraction 
ie caused, and that proper and efficient 
means are employed to prevent any waste 
of heat as far as possible. 

The principle of the compound engine 
was known as early as 1781, when a 
patent was taken out by Jonathan Hom- 
blower for " employing the steam after 
it has acted on the first vessel to operate 
a second time in the other by permitting 
it to expand itself." But Homblower 
was never able to carry the principle to 
much practical use, owing to the exist- 
ence of Watt's patents at the time. 

The Woolf Enqine and Akrahouuisnt. 

The earliest compound engine in which 
the principle was practically carried out 
was patented in 1804 by Arthur Woolf, 
and his style of engine has been in nae 
almost ever since that date in France and 
on the Continent generally. It is still 
constructed by many engineers in this 
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coantry, and is known ae " Woolf s En- 
gine." It ia employed for stationary pur- 
poseB only. Both the cylinders are 
placed together at one end of the walk- 
ing beam, the low-pressure cylinder being 
at the outer end, and the high-pressure 
cylinder close up to it with a proportion- 
ately less stroke. This engine had no in- 
termediate receiver, but the steam was de- 
livered from one cylinder direct to the other 
through narrow passages. This arrange- 
ment is perfectly capable of carrying out 
the principle equal to any other. But the 
great pressure it exerts on the main 
center of the walking beam, owing to all 
the power requiring to pass from one 
end of the beam to the other, has caused 
it to be less extensively used than other- 
wise might have been the case ; but more 
especially since 1845, when a patent was 
taken out by Wm, McNaught, wherein 
this great pressure is removed from the 
main center by having the low-press- 
ure cylinder only at the outer end of 
beam, and the high pressure tr^linder be- 
tween the main center and the crank, 
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tbas having the power equal on both 
sides of the main center, and the press- 
ure consequently merely nominal at that 
part. This arroDgement is by far the 
best when the engine has to ba of the 
walking beam class. 

Another good arrangement is oarried 
ont in horizontal engines, with both 
cylinders lying side by side { generally 
cast together in one piece), and secured 
to a single sole plate ; both piston rods 
are attached to one cross-head, so that one 
connecting rod conveys the whole power 
to the crank, nothing being in duplicate 
bnt the cylinders. 

Thb "Wolff Enoinb. 
In the compound engine at present so 
largely employed in the British Navy, the 
cylinders, outwardly, are of the same di- 
ameter, but the high-pressure cylinder, 
as previously mentioned, is generally 
made about J the area of the low-press- 
ure cylinder. The space round the actual 
high-pressure cylinder is used to receive 
its exhaust steam, and hence this space is 
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called the receiver. Fron) thie it iB ad' 
mitted to the low-preBsure cylinder. The 
pistons do not moyeBimultaneously, ow- 
ing to the cranks being at right angleB to 
each other in this class of engines. For 
a treatment of this form of compound 
engine see Science Series, No. 10. 

RoLEa FOB HOBSE-POWEB. 

It has been explained in the firBt part 
of this work that the nominal horse-powei' . 
of an engine is ascertained by assunuDg 
the mean pressiire on the piston to be 
equal to 7 lbs. on the square inch, and 
the speed of piston equal to 220 ft. per 
minute. But as both the working press- 
ure and speed of piston have been 
greatly increased since the above rule 
was first adopted, it fails to convey any 
adequate idea of the actual capabilities of 
the engine. Still, in all negotiationB con- 
nected with the purchase of a steam en- 
gine, it is, as a rule the nominal horse- 
power alone that ia referred to, although 
jt is understood that with a pressure, Bay 
of about 60 lbs., and a piston speed of 



in, Google 



41 

about 400 ft. per minute, fully eis times 
the nominal power is got from a condens- 
ing engine. 

Am the term " Nominal Horse-Power" 
ie only used when speaking of the ateam 
engine as a marketable commodity, a par- 
ticular size of cylinder may be called a 
certain nominal power by one maker, and 
a different nominal power by another, 
and unfair competition often takes phice 
by two manufacturers offering for sale 
say an 80 horse-power condensing en- 
gine, one of whom means to give a cylin- 
der 50 in. diameter, whilst the other calls 
a 40 in. cylinder the same nominal power. 
The rules now generally adopted in this 
country to determine the nominal power 
of the different kinds of steam ergines 
are as follows : 

Rule to find the nominal horse-power 
of a high-pressure non -condensing steam 
engine : Square the diameter of cylinder 
in inches, and divide by 12, that is to 
say. a non -condensing engine with a 
cylinder=30 in. diameter, is called a 75 
horse-power engine nominal, although it 
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ia capable of giving out at least tliree 
times the power when a, preseure of sa; 
60 lbs. is employed, and pietOD speeds 
400 ft. per minute. 

Rule to find the nominal horse-power 
of a single cylinder condensing engine: 
Square the diameter of cyhnder in inches, 
and divide by 21, that is to say, that a 
condensing steam engine with a cylin- 
der=30 in. diameter, is called a 37^ 
horse-power engine nominal, but is cap- 
able of working to at least six times its 
nominal power with 60 lbs. pressure and 
speed of piston=400 ft per minute. 

The rule now generally adopted by ma- 
rine engineers for the nominal power of a 
compound engine is : Add the square of 
the diameter of each cylinder in inches 
together, and divide the sum by 30; that 
is, a compound engine whose condens- 
ing cylinder is 30 in. diameter, and 
high-pressure cylinder 17 in. diameter, is 
called a 40 horse-power compound engine 
nominal. But it is capable of work- 
ing to at least six times that power vrith 
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60 IbB. preesnre and speed of piston = 
400 ft. per minute. 

Indicator Diaorams. 
Some diagramB (Figs. 1 to 8) are here- 
with given, the first two of which are 
theoretical, and the shape that would ac- 
tually be got was there no loss of heat 
during the stroke from condensation or 
other causes. In the theoretical diagram, 
(Fig. 1), showing the expansion curve 
when the steam is expanded 12 times in a 
single cyUnder condensing engine, AS 
represents the total initial pressure of 60 
lbs., BC the constant supply of steam 
from the boiler at that pressure, C the 
point where the steam is entirely shut 
off=^th part of the stroke, CD the ex- 
pansion curve formed by the decreasing 
prtiBsure of the steam in the ratio that 
the space it occupies is increased by the 
advance of the piston, DE represents the 
terminal pressure, and £A the hne of 
perfect vacuum. In (Fig. 2) the com- 
pound theoretical diagram, CD is the ex- 
pansion curve formed from the high- 



u 

presenre cylinder, and DA. the eipansion 
curve formed from the cundeneing cylin- 
der, the line FB representing the initial 
pressure of 60 lbs., DE the terminal 
pressure in high-pressure cylinder, and 
initial pressure in low-pressure cylinder> 
and equal to 17.32 lbs., and FA the ter- 
minal pressure in low-pressure cylinder, 
and equal to 5 lbs. 



II 



I2 




•■I 



«? 



■ Ij 




in, Google 



1 


/ 

\ 


., i 



F-A-IftT II. 



GrapU ami iDaljtial Mmi, 

I1J.USTBATED WITH DlAOBAHB, TABLES, EtO. 



ROTATIVE 

puMPme NON-ROUTive enbines. 



B; S. W. B0BIN80N, 0. E. 

Pboi'. HBca. Ems.. Ohio Stitb Ukivibsitt. 



in, Google 



in, Google 



TBE TfO-GTUNDER COIFOnHD ENGIIIE 

HTB0KE8 ABE SIMtLTARBOITB, OB CO-INITUL 

AND €0-TEBMlHAL, WITH RBCEITEB, 

CVSHIOH, GLEABAKCB, ETC. 

Thk reader has doubtless observed 
that the preceding part of this little 
volume treats only of the Woolf eom- 
pound engine, in which there is no re- 
ceiver and where the high and low- 
pressui'e cylinders are in immediate 
steam connection, without even allow- 
ance for communicating passages, or 
clearance, between the cylinders; and 
that the pistons make simultaneous 
movements throughout their strokes : 
Also that the steam is cat ofiF only in 
the high-pressure cylinder, and that the 
work developed in the two cylinders is 
made about equal. 

The following has been added for the 
purpose of making the treatment more 
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complete and general for ttuB particular 
type of componnd engine, and to inclnde 
the intermediate receiver, clearance and 
cuahion. 

Probably the simplest form for this 
engine is that one much in nee for pump- 
ing engines, and illustrated in the accom- 
panying cut, Fig. 9, of a Worthington 
pumping engine. A is the high-pressure 
cylinder, B the low-pressure cylinder 
and C the condenser. 

Steam is admitted directly to A from 
the boiler; from A it is exhausted 
through the pipe shown partly obscured 
by the steam chests, directly to the large 
cylinder B, and from thence it is taten to 
the condenser. 

The piston rods of A and B are both 
connected with one cross-head. When 
the pistons are both moving toward the 
left, high steam entere at the right-hand 
aide of the piston A, while from the left 
side the steam passes freely through the 
connecting pipe to the right hand side of 
the piston B, the left side of B being 
open to the condenser. 
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It is evident that the pump might be 
removed and a crank and pitman substi- 
tuted. The engine then becomes "rota- 
tive," that is, has a rotating shaft. 

It is not essential that the pistons both 
mov^ in the same direction at the same 
instant in a rotative Woolf engine, as 
would be the case in Fig. 9 made rotative ; 
but one cylinder might be connected up 
with one crank, and the other cvlinder 
with a second crank on the same shaft 
placed at 180° with the first crank. The 
pistons would then move simultaneously 
in opposite directions with strokes co- 
initial and co-terminal in points of 
time. 

Or instead of placing the oyhnders 
both on one side of the shaft, theymight 
be placed on diametrically opposite sides 
of the shaft. Then both could be con- 
nected to the same crank, or two cranks 
at 180° could be put one to each cylin- 
der. 

Again, the cylinders could be arranged 
at quartering points and the cranks like- 
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For tbe cylinders both at one side, 
many ingenious combinations of cylinders 
have been devised, some being of the 
trank engine form, etc. 

One arrangement is theoreticaliy as 
economical as another, except for con- 
siderations of waste heat, and for large 
intermediate communicating pipes act- 
ing lite receivers for remote cylinders. 
The best arrangement for a minimum of 
intermediate passage is where the cylin- 
ders are placed side by side, separated 
only by valves and acting on cranks at 
180°. Then one piston moves opposite 
to the other and the steam passes over 
direct through short passages. 

When the pistons are connected to 
cranks in snch manner that the strokes 
are not co-initial and co-terminal, a con- 
siderable volume is required in an inter- 
mediate receiver. The engine then be- 
comes the Wolff engine, the special 
considerations relative to which will not 
be entered upon here, but will be found 
treated in Science Series, No. 10. 

In the study of any form or type of 
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engine, the correct form of the diagram 
of the action of the Bteam in its passage 
through the cjlinders is important ; it 
must precede formulas, because formulas 
cannot be established until the steam 
action is perfectly understood. We will 
now attempt to trace the diagram for any 
form of the Woolf engina 

In rig. 1 of the firet part of this book, 
we have a theoretical diagram of a simple 
one-cylinder, espansive condensing en- 
gine. The line AB is the axis of press- 
ures or the line of zero volumes, and AE 
the axis of volumes or the line of zero 
pressnres. To hereafter express this, we 
will only speak of the point A as the 
zero of pressures and volumes. On the 
sapposition that the steam expands, ac- 
cording to the law of Majiotte, the ex- 
pansion curve CD is a common hyper- 
bola, such that the product of a press- 
ure by its corresponding volume is 
equal to the like product for any other 
point. 

A very convenient way for tracing this 
curve on a drawing board is as shown in 
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Fig. 10. Take as the zero of vol- 
umes and preeeurea. Then, guppoBe a 
to he any point in the expansion curve. 
Draw any straight line abcd^ and make 
cd=ab. Then c is a point in the carve 
required. 'Ihen draw a second hne 
through c and make ab=cd, and a is a 
second point in the curve. Any number 
of lines may be similarly drawn to find a 
like number of points. Thus, when any 
one point is given, as, for instance, C or 
D, Fig. 1, any other points may be easily 
located through which to trace the curve 
CD. See also American Machinist, Dec. 
16, '82; Wm. Lee Church. 

But the actual steam expansion curve 
differs from Fig. 1. It is apt to be 
steeper at the portion near C, and flat- 
ter toward D. This is explained partly on 
the ground of partial condensation in the 
cylinder at the initial expansion, and of 
re-evaporation near the end of the ex- 
pansion. In the average actual indicator 
diagram an hyperbola through C will 
very nearly strike D, for which reason 
this curve is mostly used in the examina- 
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tion of diagrams traced by the indicator 
The position of the actual curve, how- 




ever, will vary much with circiunBtancee, 
and asoally the higher the speed the 
lower will be the point D for a given 



point C. ExpanaiOD lines can therefore 
be drawn with a degree of approximation 
with the simple method of tracing given 
in Fig. 10. 
Fig. 2 represents a theoretical indicator 
diagram for a Woolf compound engine. 
The part ABCDA is for the high press- 
Tire cylinder ; while the part ADEFA is 
for the low-presBure cylinder. The latter 
is very much smaller than the other ; ac- 
counted for by the fact that the pressure 
ie much lower in the low-pressure cylin- 
der than in the other, while the length is 
made the same b; the indicator. In 
studying these diagrams it is convenient 
to increase the length of the low-press- 
ure diagram so that it is as many times 
longer than the high-pressure diagram as 
the low-pressure cylinder is larger in vol- 
ume than the high-preasure cylinder. 

Then if the areas of the high and low 
pressure diagrams are equal, the work 
developed by one cylinder equals that by 
the other. 
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Combined Diagramb. 

To thuB enlarge the low-preesure dia- 
gram and put the resulting combined 
diagram into the best shape for study, 
horizontal lines ahould be drawn through 
the diagram ADEF and increased in 
length by the ratio of the cylinder vol- 
umes 8S was first done by Bankine and as 
indicated in Fig. 11. lake AE = the 
volume of the high-pressure cylinder, 
and AF = volume of the low-pressure 
cylinder. Then, fts in Fig. 2, BCDH 
is the indicator diagram of the bigb- 
preBSure cylinder, and AHDE of the low- 
pressure cylinder as taken by the indica- 
tor itself from the engine. Draw LKJ 
and make LJ = LK X ratio of cylinder 
volumes. Then J is a point in the new 
curve i any number of points in DJG may 
be thuB found. Then BCDJGFA is the 
combined diagram, and the work devel- 
oped per stroke of engine will be repre- 
sented by it, also the work developed in 
each cylinder will be represented by its 
respective part of the area BDOH or 
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AHDGF. The area AHDGF is equal to 

the area AHDE X ratio of volumes of 
cylinders as appears from the fact that in 
the trail Bformation of this diagram the 
horizontal dimensions only are altered, 
and these in the ratio of cylinder volumes. 
This diagram supposes no clearance, no 
dead space between the cyhnders, no 
cushioning, and no resistance to the mo- 
tion of the motor fluid. 

I. — Diagram of a Compound Engine 
WITHOUT Bbceiveb ok Clearance, but 
WITH Hioh-Fbesbure CcT-OFr. 

The action of the steam in passing 
through the engine whose diagram is 
presented in Fig. 11, may be thns traced, 
viz., BC ie the admission line of steam 
at boiler pressure. At C the admission 
is arrested by a proper cut-off, when ex- 
pansion goes on till the end of the stroke 
AE is reached for the high-pressure 
cylinder. The expansion curve CD has 
the point A for the zero of volumes and 
pressures ; that is, for hyperbolic expan- 
sion the curve CD is to be constructed by 
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aid of the linea AB and AF aa explained 
in Fig, 10 from the lines Ad and A(/. 
At the end of the etroke of the high- 



t 

a/>c O. 

A. 



pressure cylinder the volume of steam 
admitted has become AE the volume of 
the high-pressure cylinder. Now a valve 
opens a passageway between the cylin- 
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dera so as to discharge this steam from 
the full high-pressure cylinder into that 
end of the low-presBure cylinder at 
vhich the stroke is just beginning; but 
ae there is no clearance, &c.. this opening 
of the valve makes no change in the total 
volume of steam, the volume being still 
AE, Now the pistons are simultaneously 
to move and make their strokes, the 
steam to flow from the high-pressure 
igrlinder into the low-pressure cylinder. 
In this act the volume enlarges from that 
of the high to that of the low-pressure 
cylinder ; that ie, from AE to AP, Fig. 
11, and the pressure of this expanding 
steam is the same at any instant in 
the two cylinders it being a back-press- 
ure in the high and a forward pressure 
in the low-pressure cylinder. Taking 
DG as the expansion hne for this change 
of volume, AE to AP, we would have 
some line BLH of back-pressure for the 
h^h-pressnre cylinder. This line begins 
and ends at the same height as the ex- 
pansion line DG, in fact the tines through- 
out are at the same height at correspond- 
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iag points L and J. At these points KL 
is the part of the stroke made by the 
high-preesiire cylinder, LJ the part of 
stroke of the low-pressure cylinder, while 
JK is the corresponding increase" of vol- 
nme of the steam. The line MN may 
represent the hack-pressure line of the 
low-pressure cylinder it being the line of 
pressnre of the atmosphere or of the 
condenser. 

Now in the expansion line DO the 
steam expands from the volume AE to 
the volume AF, just as though the first 
or high-pressure cylinder had been long 
enough to have carried the expansion to 
that extent. From this it appears that 
the curve DO is simply the continuation 
of the curve CX>, all drawn hrom A as the 
zero of volumes. 

From this there appears to be no 
gain from compounding, because the 
diagram is the same as though the 
admission and expansion had all taken 
place in the low-pressure cylinder, it- 
self and alone. The advantage in com- 
pounding is to be found outside of the 
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and will be considered else- 



II. — DlAORAH OF A CoifPOEND EnqINE 

WITH- NO Clearance or Cut-Off, uitt 
WITH Beceivfb, 

Let the volume of the higb-pressure 
cylinder be BC, of the low-preBBure cylin- 
der be BD, and of the receiyer AB. Now, 
supposing the engii.e in contintiity of ac- 
tion, the diagram may be tracedaa follows : 
Represent the admiaeion for full fltroke by 
FL. At the end of the stroke the valve 
between the higb-presaure cylinder and 
receiver opens when the ateam in these 
parts commingle and the pressures equal- 
ize, the cylinder steam expanding and the 
receiver steam being compressed. As 
LF is the volume of the cylinder steam, 
this expansion will be along an expansion 
line FJ with the point C ss the zero of 
volumes. The receiver eteam will have 
the volume AB, and its pressure will be 
BH=DN=the terminal pressure of the 
low-pressure cylinder. Now as the "fresh " 
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steam FL is introduced, this receiver 
steam will be compressed along a com- 
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presBioik line HJ with A as the zero of 
volumes. The point J of intersection of 
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these curvsB gives the resulting pressure 
of the combined steam. The curve MK 
=HJ, giving K=J, might have been 
used. This pressnre is that with trhich 
the lowpressure cyhnder begins its 
stroke ; and it should be laid off on the 
line at CI, because now the volume of 
steam is AC filling the receiver AB, and 
high-pressure cylinder BC. Now daring 
the stroke this steam changes volume 
from AC to AD, because the high-press- 
ure cyhnder ejects its steam into the re- 
ceiver, time giving cause for a reduction 
of volume from AC to AB, whil« at the 
same time the low-pressure cyhnder gives 
cause for an increase to AD, the difference 
being CD, the actual increase as stated. 
The expansion curve IN will be drawn 
vfith A as the zero of volumes, because 
AC is the lesser and AD the greater of 
the limiting volumes. The back-pressure 
line IH to the high pressure cylinder will 
correspond in height with IN, as ex- 
plained in Fig. 11. The back-pressure 
line to the low-pressure cylinder is to be 
accounted for as to whether the exhaust 
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ie into a condenser or into the atmos- 
phere. 

Detrimental Effect of the Receiver. — 
ThiB ae a steam diagram differs from that 
of Fig. 11 by a depression of tha expan- 
sion line IN from the dotted position 
LN. This engine witii its receiver is 
thus Been to be less e£Qcie ,t than that of 
Fig. 11 bj the absence of the area ILN. 
The smaller the receiver the less the 
depression or "drop" of the point I. 
For AB=o, I ooinoldes with L. For AB 
^infinity the line IN is horizontal and 
straight But the point N is fixed, its 
position being entirely independent of 
the volume of the receiver, and 'will al- 
ways be found on the expansion line 
LK, the latter being drawn with B as the 
zero of volumes. 

This important truth is apparent from 
the fact that at the end of the stroke of 
the low-pressare cylinder we discharge 
just the cylinder full of steam, the 
weight of which is the same as the 
weight of the steam admitted per stroke. 
Assuming the latter the same for two 
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cases, one having a receiver and the other 
not; then it follows that the weight of 
the low-presBare cylinder full of steam 
exhausted per stroke is the same for both 
cases, so that if the small cjlindere are 
of equal size the pressure of the con- 
taiued steam at stroke terminations is the 
same for both ; and also if the large 
cyhnders are of equal volumes the press- 
ures of their contained steam will be the 
same in both, thus making the points L 
and N coincide in both cases, both points 
being found on the line LN drawn with 
B as the zero of volumes and pressures 
as stated. This fact gives a ready means 
for locating the point N in tracing a dia- 
gram. 

Comparison with an Indicator. — 
The diagrams taken directly by the ap- 
plication of an indicator to the engine 
will be HFLI for the high, and QHIM 
for the low-pressure cylinders. The re- 
lation of the work performed by the two 
cylinders can be obtained by measuring 
the areas just named with a planimeter, 
multiplying QHIM by the ratio of vol- 



umes and comparing with HFLI . But 
when the low-preseure diagjam is es- 
panded to BD, as in Fig. 12, the areas, 
and consequently the work of the two 
cylinders can be compared by sight, or 
by planimetric measurements. 

The diagram that would be obtained by 
use of only the low-pressure cylinder as 
a simple engine, would be QFLNO, so 
that according to the diagrams the sim- 
ple engine would be more efficient than 
the compound of Fig. 12 by the ratio 
QFLK NOQ 
QFLINOQ 

Re-heating. — The receiver, which is 
responsible for the drop LI, appears by 
the diagram to be a detriment This 
drop may, however, be more than com- 
pensated by using the receiver for a 
" re-heater " of the steam, by passing 
high steam through it in tubes. The 
intermediate steam may thus be raised 
in temperature to nearly that of the 
boiler steam, and consequently be some- 
what superheated and made to work 
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dry. The whole line IN may HaiB be 
raised to an extent nearly proportional 
to the elevation of the absolute tempera- 
tures of the steam by superheating, the 
absolute zero being a point about 493° 
F, below melting ice. (See lower part of 
Fig. 22.) 

A small intermediate passage, such as 
shown in Fig. 9, will have the effect of a 
small receiver, and cause its correspond- 
ing drop U. 

The diagram Fig. 12 supposes no cat- 
oflf to either cylinder. There may, how- 
ever, be one to both, as in the next 



III.— I>UaRAH OF A COUPOUNK EnOIMK 

WITH A Cut-Off to E*ch Cilindkb, 
Aim WITH AH Intbbhediatb Kboeivkb. 
In Fig. 13 take BC = volume of high 
cylinder, BD = B'D' = volume of the low 
cyhnder. AB = volume of the receiver, 
E = point of cut-off for tiie high cylin- 
der, and N = the point of cut-off for 
the low cylinder. Also G' = the point 
of release of the steam from the low- 
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preeeiire oylinder, and QS = the baok- 
preeBtire line of the final exhaust. 

Sow admit boiler steam FE, and cut- 
off at E, in the high cyhnder BC. This 
steam espands along the expansion line 
EL, drawn with B for the zero of vol- 
umes and pressures. At the stroke ter- 
minal L, the valve between the high cyl- 
inder and receiver opens and the steam of 
these pai^ commingle ; that of the for- 
mer expanding along the line LJG with 
B for the zero of volumes, and of the 
latter along the compressioa line TX, 
with A for the zero of volumes. By 
turning over the curve TX, and trans- 
ferring it to MJ, we obtain the intersec- 
tion J, the height of which point above 
AD givee the resulting pressure of the 
commingled steam. A horizontal line 
through J gives I, the point from which 
lines of further action are to be drawn. 

At this point of time the high cylinder 
piston is at the end of stroke, the low 
cylinder piston at beginning of stroke, 
and the volume of steam under action is 
that of AC, which fills the receiver and 
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high cylinder in common. In the ab- 
ecence of a low cyUnder cut-ofif, the stroke 
of pistonB now beginning would expand 
the eteam from its present volume AO 
to the volume AD, and the pressure of 
release would be DG, the point G being 
on the hue ELJ prolonged, as explained 
in Fig. 12. But suppose the low cylin- 
der cut-ofT occurs at half stroke. This 
cut-off increases the average- receiver 
pressure, so that the expansion line IN 
will now cut the line ELG and place N 
outside. To trace the cui-vea G'NIHK, 
we find that the expansion line IN will 
be drawn from I, with A for the zero of 
volumes. To find the point N, suppose 
the cut-off in the low cylinder occurs at 
half stroke. It will also be at half stroke 
of the high cylinder, and the expanding 
volume between pistons at the instant of 
this cut-off will be the receiver AB -I- half 
the cylinder BC-H half the cylinder BD. 
Take BU=i BD, and UW=^ BC= 
BB'. Then N will be found at the point 
where AW=AB-l-Br-l-UW=the total 
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Tolnme expanding from I witfa the zero 
of volumes constantly at A. 

Now when the Bteom is cat off at N, 
and at half Btroke, the volnme inclosed 
in the low cylinder will be the half of 
that cyiinder=B'W. Hence the expan- 
sion will go on from N to G' with B' for 
the zero of volnmeB until we have WD' 
= J BD=^B'D' completing the remain- 
ing half stroke. The line IH will be in 
common between the two diagrama frotn 
the same causes, aa ia DH, Fig. 11, or 
IH, Fig. 12, in common for those dia- 
gi'ama. Drawing from the half stroke 
point H, the line HB', and also the back- 
pressure hne QS. we complete the theo- 
retical diagram for the low cylinder, 
HING'SQH. When the cut-off N oc- 
curs there is shut up in the receiver and 
the high cylinder the volume AB-I-BB'. 
The remaining stroke of the high cylin- 
der will compress this to AB, giving the 
compreBsion line HK, with A for the zero 
of volumes. Hence the high cylinder 
diagram is FELIHKF. 
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Effecl on Distribution of Work of 
the Low Cylinder Vut-Off. — Were there 
no cut-off to th« low-preesure cylinder, 
the expansion in this cyhnder would ter- 
minate at G instead of at O', and start 
from some point below I. From this it 
appears that the low cylinder cut-off has 
the effect to raise the mean pressure in 
the low cylinder and diminish it in the 
high cylinder. Hence, by applying a 
ciit-offto the low cylinder we may in- 
crease the work performed in that cylin- 
der, and diminish that performed in the 
high-pressure cylinder. 

The terminal pressure D'O' will be the 
same aa though there were no cut-off to 
the low-cylinder, because the steam ad- 
mitted is FE, and it must occupy the 
same volume B'D'=BD=the low-cylin- 
der full at release, whether there be a low 
cylinder cut-off or not. Hence the ter- 
minal pressure D'G'=DG=CM will be 

D'G'=BFxg 

if the Mariotte law of expansion is as- 
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earned to bold. By thus drawing tbe 
diagram Pig. 13, tlie relative or total 
areas or ■work of cylinders may be ob- 
tained. 

To draw IH, take a zero of Tolunoes to 
the right of C a distance 



In the present case, when the receiver , 
is Tery large, the line KHIN comes to 
be nearly horizontal, and is quite so 
for an infinite receiver. When the re- 
ceiver is zero in volume, the cut-off N 
must be dispensed with, and Hien the 
point I will rise to L. 
IV. — DiAORAM OP A Compound Ehoine 

WITH A Cttt-Off to Each Ctlindeb, 

WITH A Beceivbb, and with Clearance 

AND Cpshion. 

In Fig. 14 take AB=Y' = volume of 
the receiver, BC=V,=voIumeof the high 
cylinder, B|B = volume of clearance to the 
high cylinder, B,B, = volume of clearance 
to the low cylinder, and B,D=V,= volume 
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of the low cylinder. AIbo in the Mgh 
cylinder let E be the point of cnt-off, L the 
release, IH the back pressure lin« for ^ the 
stroke or till the cut-oflf occurs in the low 
cylinder, H& the cushion line against the 
receiver, and bk the cushion line against 
the clearance; and for the low cjhnder, let 
I'N be the combined e^tpansion line pre- 
ceding cut-off at f stroke, NG the expan- 
sion line subsequent to cut-off^ SQ' the 
back pressure line, Q'o' the cushion 
against clearance, and H'l' the counter- 
part of I'N. To better fix the ideas, let 
Fig. 16 represent the main features of the 
compound engine now considered. A 
being the high cylinder, B the low cylin- 
der. C the receiver, F the boiler supply, G 
the exhaust, D the yalves for A, and E the 
valves for B. The receiver includes all the 
space between D and E, the clearance of 
one end of A, all the space between D 
and the piston displacement for that end 
of A, and likewise the clearance of B, all 
the space between B and the piston dis- 
placement of B. 
Now supposing the engine in continu- 
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ity of action, let steam be cat off at £> 
Fig.l4, the clearaiieeF'F,of conrse, being 
full of steam also. The expansion for the 
remainder of stroke will give the expan- 
sion line "Eh, drawn with the bottom of 
the cleoraDce B,, as the zero of volames. 

ThiB IB due to the fact that F'E and not 
FE is the original Tolume of the steam 
now expanding. At L, the high cylinder 
and its clearance are opened by a Talve 
into the receiver, and the steam of these 
parts commingle, that of the former ex- 
panding along a line LJ, and of the lat- 
ter being compressed along the line e'X= 
MJ; both taking a common pressure J at 
the intersection. The point M is under- 
stood in this to give the pressure in the 
receiver and low-cylinder clearance at the 
instant the stroke is ended ; and the valve 
between receiver and low cylinder is 
opened. The pressure M will beexplained 
further. 

Drawing a horizontal line through J 
we obtain I for the initial bock pressure 
line IH of the high cylinder V, ; and 1' for 
the initial forward pressure of the low 
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cylinder V,, I' being; distant from I hy the 
clearance of V,, viz. B,B,. I'H ie ptiraUel 
to IH, that is, ir=HH'. Wearenowat 
the point of beginning of another stroke 
which will force the remaining steam 
from V, and fill V,. 

At thia point of time the total volume 
of steam coneideredis that of the receiver, 
that of the high cylinder and its clearance, 
and that of the clearance of the low cylin- 
der. Itia AB,+E,B + BC + B,B, = aT0l- 
nme extending to the point I' where 11'= 
B,Bj. 'Ihia volume will now expand 
along an expansion line I'N with A for 
the zero of volumes. 

The point N ia found by laying off the 
total volume for the time of cut off in the 
low cylinder which has been taken above 
at f the stroke. 'I'his fraction being the 
same for both cylindera we have H at 
f stroke from 1, ao that YH = AB, + 
B,B + f BC = receiver + high cylinder clear- 
race +| high cylinder volume. To thia 
add the low cylinder clearance B,B,= 
HH'=ir ; and also add ^ the volume of 
the low cylinder, or ^ B,D and we have 
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the total TOlume YH+HH' + H'N=YN, 
H'N being equal to | V,. Beyond N 
the Bteam inclosed in the low cylinder will 
expand the remaining ^ of stroke, giving 
the expansion line NG, drawn from B, 
as the zero of volames; where NG, or 
D'W=t the stroke, NH', or WE,=^ of 
stroke, and H'H, or B,B,= clearance. 

The enshion line Q'c' is due to the 
compreesion of a portion of the exhaiiBt 
steam into the clearance, and is found 
by drawing Qc with B, as the zero of vol- 
umes, where Qf=Q'i'. The piston will 
compress the steam to c when further 
compression will result from the reverRal 
of the'Talve and the commingling with it 
of the steam from the receiver. The 
presenre of this latter steam now iul< 
mitted from the receiver is found from 
the point b where the high cylinder 
closes its valve for cushion, and after 
which the receiver is abandoned to itself 
till the end of the stroke is reached. 
Thin pressure b is B,^, and as the isteam 
is thus admitted from the receiver the 
pressures B,f and B,^ combine at tlie in- 
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tersection e of the line Qce drawn from 
B, as the zero of volumeB, and the Une 
ge drawn from A as the zero of volumes. 
The total volmne now is AB, and press- 
ure B,«', so that the Une e'X of further 
compression can be drawn with A as the 
zero of votumea. Transferring this to 
MJ, and prolonging EL to J, we have 
the point of intersection J as that at 
which the steam now released from the 
high cylinder, combines with that in the 
receiyer to a common pressnre. 

In the high cylinder and receiver there 
will be compression H6, the curve being 
drawn with A as the zero of volmnes. 
At b the valve between receiver and bigh- 
cyUnder is supposed to close giving a 
compression line bk, which may be pro- 
duced to a, drawn from B,, as the zero of 
Tolomes. 

The cushioning in the cylinders fills 
part of the clearances so that the steam 
admitted per stroke is uE at the press- 
ure BF, and that exhausted is hG at the 
pressure D'G, the curve Q'c'A being 
understood to be the same as Qce. The 



in, Google 



last statement enables us to find the 
presBitre D'G; and it is= 

according to the Mariotte law of expon- 

For conTenienee in drawing the curve 
H'l' we observe that the change of vol- 
ume H'l' is I V,, and the change of vol- 
ume I'N is f (Vj— VJ, 80 that H'l' may 
be drawn from a zero of volumes taken 
at ft distance to the right of Bj= 

The larger the receiver the more nearly 
horizontal becomes the line ^Hll'lf, it 
being quite horizontal for an infinite re 
ceiver. On the other hand, the smaJler 
the receiver the steeper become the de- 
<{hvities of that line and the more nearly 
I approaches to L, and the latter should 
be the cut off N. But 1 never coincides 
with L while clearance exists. 

The cut-off N may be made useful in 
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equalizing the amoimt of work performed 
by the two cylinders. 

Bbiatite EFFioiENoim. 

In all the foregoing diagrams the theo- 
retical diagrams have been sought, such 
&B are needed for studying the relative 
efficiencies of engines, and not such as 
wonld be obtained by the indicator. Of 
eeveral engines of different volumes of 
receiver, clearance, cushion. &c., of which 
the diagrams have the same heights BL, 
and the Bame steam volumes Ea ; that en- 
gine which shows the greatest added area 
of both diagrams has the highest efB- 
cieney. Such eflSciency can be investi- 
gated graphically as above, and that 
method is probably the most practical, 
because analytical formulas for such 
oases as the last two above, become so 
excessively complex as to make more 
trouble and labor than will the drawing 
board and planimeter. 
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DOOTOBINO OF THE DlAOKAKS FOB SPEBD, 
CONDKNSATION, BE-HlUTINa, STC. 

The faster the engine runs and the 
greater the amount of work done the 
greater will be the reeietance to the flnid 
through the passages from the boiler 
tbrongh the engine to the condenser or 
atmosphere. Thie resistance causes a 
lowering of the admission line FK, a 
raising of the exhaust line Q'S, and a 
vertical separation of the lines l^bk and 
H'l'NG, of Fig. 14, and likewise for the 
other cases. An approximation to the 
amuuntB of these effects can be obtained 
by the aid of the formulas for flow 
through orifices and pipes, which are, 

For orifices 

y'=:_i_. =2w'^A=64m'A nearly, 
and for pipes or passages 

„.= ?!=^=1100.^' nearly, 

a' fsl si •" 

where the head h may be obtained from 
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the preesures and density of ateam or 
air by the formula 

-^ 

In these formnlas «=yeloeity of fluid 
through orifice or passage, y=the cubic 
feet of fluid per second, a=area of cross 
section, orifice or passage, 8=perimeter 
of same section, /=length of passage, all in 
feet, u = a coefficient of velocity through 
orifice,=0.82 for orifice of entry to a tube, 
or=0.62 for an orifice through a thin 
partition, /=coef&cieot of friction =about 
0.006, p'—p"=the fall of pressure lbs. 
per square foot in going through the 
orifice or passage, and (^^the density or 
weight per cubic foot of the flowing fluid. 
Its value may be obtained from Table D 
by dividing the weight of a cubic foot of 
water (about 62 lbs.) by the value iu the 
volume column of table corresponding to 
the pressure for which S is sought. 

The formulas apply only for compara- 
tively small falls of pressure, such as that 
from boiler to steam-chest, or from 
steam-chest lo cylinder. 
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In selecting; the value of S, care Bhoald 
be taken to find its true value. In wet 
steam the moisture should be included. 
From this cause the value of 6 ma; rise 
to two, OF even three times its value for 
dry steam. 

If w=veloeity of piston iu feet per 
second, and A=area of piston in square 
feet, we have 

for Rteam passages leading to and from 
cylinders. Introducing this, and taking 
u at ,8, also eliminating h, we obtain the 
practical formula for entry to passages, 
and for short passages 

^^ 41 C^f 

and for passages only, 

^'=11000.- 
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Combining the two formulas into one 
for application to passages whose lengths 
vary from 10 to 300 or 400 times their 
thickness, we obtain 
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It is generally best to assume a value 
for tbe " 1 " in the parentbeais of the l&st 

The rounding of the comers of the 
diagrams can only be done by the jadg- 
meut of the engineer. The greater the 
speed of the engine the earlier must be 
the release, in order that the release end 
of the diagram shall not be too sharp at 
the top corner at the expense of exces- 
sive curtailing of the lower comer. The 
rounding of the cut-off comers mnst be 
done with reference to both the speed of 
engine and rapidity of closure of cut off 
valve. 

Considerable condensation is liable to 
occur in the high-pressure cylinder when 
it has an early cnt-off, so that the ex- 
pansion hue for it may fall with undue 
rapidity. This may be avoided in a 
measure by use of the steam jacket. The 
condensed steam flowing from this cylin- 
der will accumulate in the receiver unless 
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disposed of by escape traps, or b; re- 
heating, tbe Utter process consisting of 
placing hot surfaces in or aboat the re- 
ceiver. These heating surfaces may be 
tnbes passing through and containing 
high steam from the main boiler, or from 
a second boiler, which may be at even a 
higher temperature and pressure than 
tbe steam in the £rst named one. The 
steam may thus become superheated for 
the low-pressure cylinder. If now no 
water has been drawn off, but if all the 
contents from the high-pressure cylinder 
is changed into superheated steam, then 
the expansion curve for the tow-pressure 
cylinder may first be drawn on the sup- 
position of dry steam, and then to be 
raised nearly to the extent of the eleva- 
tion of the absolute temperature of that 
steam above the temperature due to its 
pressure as dry steam. (See Fig. 22). 
The latter temperature is given by tables 
of tbe properties of steam. (See Table D 
in the first part of this book. If any con- 
densed steam is trapped ont, the ex- 
pansion curve of the low-pressure oylin- 
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der miiBt, provided the Bteam admitted 
be dry, be below that due to dry steam. 

Pricibe Form of the Expansion and 
coupbbssion curvks. 

In a diagram such aa tbat of Fig. 13 
or Fig. 14, the steam curves differ in 
character. From the standpoint of ther- 
modynamics, the curve EL, for instance, 
is an adiabatic for initial dry steam. 
Steam thus expanding fogs up with 
particles of condensed steam forming 
throughout the maes, and a rainstorm be- 
gins in the cylinder at each stroke. That 
steam does its full work due to expan- 
sion, and EL falls more rapidly than the 
hyperbola. But from L to J the steam 
does but partial work, viz., that under 
the compression cuTTe MJ. The action 
LJ and MJ, of combining, is " isody- 
namic," that is, no external work is per- 
formed. Both these curves may there- 
fore be drawn as isodynamic curves, they 
being very nearly hyperbolic. 
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If the Bteam ie reheated to superheat 
in the receiver, the lice IN will be the 
adiabatic for superheated steam, ^bo the 
line NG. Snoh hnee fall much more 
rapidly than the hyperbola. Compres- 
sion hnes, as in cushioning, rise more 
rapidly than the hyperbola, because the 
steam is snperheated by the compression, 
and if any water is present, there may 
be re-evaporation. 

The equations of all these curves may 
be expressed approximately by the equa- 
tion, 

pv* = constant. 

in which, for the Mariotte iaw of expan- 
sion, a;=l. To supply the constant we 

may put the equation in tlie form 



=(^r- 



An equation which is approved for ordi- 
nary purposes by high authority, and 
will be adopted in thepresent c^se. 
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Table E;— Op VAi-nae < 
Adthokitv. 




TMs table and the equation will give 
TIB the equation of any curve desired. 

In these we not only have authority 
for a variety of values of x, but in ni the 
" steam quantity " oc suggests that the 
value of X may be determined even by 
estimation from such facts as may effect 
00 . Accordingly, for an expansion where 
only partial work of expansion is per- 
formed, X may be found to lie between 
I and 1.0456 for superheated eteam. 
When 00 =1 wehavea!=l,135. It is to be 
observed, however, that the form of curve, 
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according to equation (1), is dependent 
on the value of the exponent, bo that the 
general equations may be considered aa 
suitable for any forms of these lines. 

The table shows a very considerable 
range in the Talue of x, some going so 
far from x=l, as to advise the abandon- 
ment of the Mariotte law of expansion in 
which K— 1. An example of carefully 
computed volumes for several curves and 
chosen pressures will serve to illustrate 
the departure of the expansion lines of 
different kinds from each other. 

Table F. — Example. Steah. 

Absolute Common Saturation Adiabatlc 

presBureB. hyperbola. curve. curve. 

lbs. volB. vols. vols. 

23. 133.0 122.0 123.0 

50 56.1 58,3 60.8 

8S 3S.B 36.5 38.4 

Thus for these curves running through 
a point at 23 lbs., and volume 122, at 
about a threefold greater pressure the 
saturation curve deviates 8 per cent, and 
the adiabatio curve 14 per cent, in vol- 
ume from the hyperbola. 
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Bnt as the curve for which a;=:l, viz., 
the common hyperbola drawn by its 
asymptotea, is ho very ooiiTeiiieiit for 
tradn^.Xsee Fig. 10,) and fftlls so near the 
required curves, we are lead to look for 
some ride by which to "correct over" 
from the hyperbola to the curves sought. 
Such rule was given by the writer in the 
American Machinist, for Feb. 10, 1888, 
the convenience of wliich aseures the de- 
sirability of the following abstract here: 

Some engineers judge of the steam 
actioD, leakage of piston, valveB, &c., by 
a simple reference to the hyperbola. 
Then what here follows could be dis- 
pensed with, but the more fastidious will 
probably wish to compare with other 
curves, which can be easily laid off from 
this hyperbola by correction, or differ- 
ence quantities as follows, as hinted by 
Cotterill, page 341. 

Differentiate the equation given above, 
regarding x and « as variable. The re- 
sult can be reduced to 

dv dx , , (', (/* 
— =-^liyp. log.-^=-^ X* 

. ...Cookie 
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is which v^ is one volnme, as, for iD- 
st&nce, If, Fig. 16, and v, the other, for 
any point as c/ and k, a coefficient. 
The logarithmic part, or coefficient, k, 
may be tabulated, and becomeB a con- 
yenient coefiScient, or factor, for. the 
second member of the equation, or for 

the qnantity — which quantity is defi- 
nitely known as soon as a; is decided 
upon. For instance, take a;=^for the 
adiabatic curve, it being 1 for the com- 
mon hyperbola. Then (^ will be the 
difference of these values, or ^—1=^, 

and — =-^. 

If th6 coefficient were 1, then the cor- 
rection dv would be a tenth of u. 

More definitely, suppose in Fig. 16, 
OB=i', and OA=ii; then the correction 
is ce=-j^ OA, for the values just named. 

The valueB for the coefficient, i, are 
given in the table G. 
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Table G: — of CoErFiciEura k. 



% 


183 


8 


263 


4 


836 


ti 


405 


6 


470 


7 


S31 


8 


888 


a 


643 





693 


1 


742 


3 


788 


8 


B88 


4 


875 


6 


916 


6 


906 


7 


998 


8 1 


080 


9 1 


066 


1 


009 


1 1 


181 


% 1 


168 
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Table H: — or Valuks c 
For the eatnratioii cnrve, 



For the adiabatic cuire, 

10 , tic 1 
x=-^ and — ==7i= 



For the adiabatic cnrve, x=1.0l 
and 



X 1.036-.los' 
For' the iBodynamic curve, «=!. 0456 
and 

*_ ■0466_„,„ 



For the adiabatic of steam gas, 
x=l.Z, and 

For the adiabatic of gases, a;=1.108. 
and 

Z~1.4,II8~ 
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To illuBtrate the nee of these tabtea, 
Buppoee ac. Fig. 16, to be the hyperbola 
of reference (the common hyperbola). 




with Ba=2^ lbs., Ac=83 lbs., in abeo- 
Inte preaBuree ; and OB, the volume 122, 
as in Table F. Then the volume OA, 
will be 33.8 for the common hyperbola. 
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Hence for i>,=122,and «=33.8 ; -i = 3.61. 

In Table G, we Iqok under — ^ for the 

Talue 3.61 and find the nearest to be 3.6, 
but 3.61 is one-tenth the way over toward 
3.7. CoDsequeBtlj we look for that value 
of ^, which hee one-tenth the way from 
1.281 toward 1.308, and obtain 1.284=A. 
For A^, this answers for all the curves. 

Now in Table H, we find, for adiabatic 
espansion of steam, 



The correction is therefore <^u=«X-1284 
=33,9 X -1284 = 4.9 = ce, Fig. 16. This 
added to the volume v=OA gives 

!>-|-rfi)=33,8 + 4.8=38.-7=/e, 

a value which diffei's less than 1 per cent 
from the computed value 38.4 in TaUeF. 
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As a second case, suppose the expan- 
sion be according to the satnration cmre, 
when by Table H 



— ft=^Xl.284=.0745 

and (iii=i.x.0745 = 33.8x.0745 = 2.86. 
This added to the volume v gives 
ii + rf«=38.8-l- 2.86=86.7 
a value which differs but slightly from 
the calculated value 36.5 at the foot of 
the second column of Table F. 

In these calculations we observe that 
the volume v, vrith which to multiply, 
and to which to add, is the one which is 
to be corrected, viz., in this case we seek 
the correction c e, Fig. 16, and hence the 
volume V is to be taken as AO. 

But the rule may be applied the other 
way. That is to say, we may make c the 
point of intersection of the two curves, 
and correct the volume BO. In that 
case k is to be found as before, and given 



in, Google 



the contrary sign. Id fact the whole 

quantity — A will be the same aa before, 

except for the contrary sigD ; if the vol- 
umes on the common hyperbola are the 
same, viz., 33.8 and 122. But in this 
calculation we sfaoold multiply by the 
volume BO, because the correction is for 
this volume. That is, the correction is 
122x.l284=16.7 for the adiabatic ex- 
pansion, a quantity which, by the accu- 
rate method, is found to be 16.6, differing 
by less than one per cent, of the value 
of BO to be corrected. For the eainra- 
tion curve the correction is 122X.0745, 
&o. 

For points beyond a the correction is 
subtractive instead of additive, and mul- 
tiply tabular quantity by the greater in- 
stead the lesser volume ; that is, by the 
volume to be corrected. 

Let U9 apply the first rule to correct 
the hyperbolic volume 66.1, to the adia- 
batic volume 60.6, for pressure 60 Iba, 
absolute ; the final volume and pressure 
being 122 and 23 lbs. respectively. 
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Biyiding greater by lesser volome we 
152 
get =g7j =2.175. For this ratio of vol- 
umes we find k from Table O to be t= 
.777. For the present adiabatio expan- 
sion, Table H calls for ^ giving .0777. 

Multipljong by the volume 56.1 gives the 
correction of 4.47. Adding th^ to the 
volume 56.1 to be corrected, we obtain 
66.1 + 4.47—60.6; or, in this case, exactly 
the valne given by the logarithmic calcu- 
lation of Table F. 

This method of corrections by which 
the cnrves desired can be easily obtained 
from the simple hyperbola, will greatly 
facilitate the grapbictd method of accur- 
ately calculating the relative efficiencies 
or the relative areas of diagrams, or of 
work performed in the cylinders of com- 
ponnd engines. 

AoTiTAi. Efficienct. 

The actuf^ efficiency of the engine is 

obtained by dividing the whole ft. lbs. of 

work performed in both cylinders per 
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stroke by the dTiiamical valne of tb 
heat required to produce the steam con- 
eumed for that strobe. 

Thus, in Fig. 14 the work performed 
per stroke in ft. lbs. is obtained by mul- 
tiplying the mean pressure lbs. per 
square inch in a cylinder by the pis- 
ton area in square inched, and by the 
length of stroke in feet, and adding the 
products thus obtained for all the cylin- 
ders. Call this quantity U- The mean 
pressure is obtained by taking the mean 
height of the diagrams in the usual way, 
the scale of heights being that of press- 
ures per square inch. To find the mean 
height of a diagram by aid of the plani- 
meter, find the area by the instrument 
and divide that area by the length of the 
diagram expressed to the proper unit 
If the instrument gives the area in 
square inches divide the area by the 
length in inches, and lay off the result 
as a height in inches on the diagram. A 
horizontal line drawn through this point 
is the line of mean pressure, and that 
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pressure is to be measared by the scale 
of presetirep. 

The steam consamed per strobe haa 
aJreody been stated to be Eo, Fig. 14, 
wMcb mnst now be measured vitli the 
proper scale. Measured by the same 
scale which makes BC the volume of the 
hif;h cylinder in cubic feet, gives the 
quantity of steam Ea in cubic feet, a& 
desired. Call this V',. 

The heat required to produce this 
liteam used at a stroke of the high-press< 
ure cylinder will be the total hest of 
evaporation from the temperature of feed 
water, and at the temperature of boiler 
pressure. 

Let V/=the volume of steam required 
per stroke of high cylinder in 
cubic feet,=E(7, Fig. 14. 
D, =the weight per cubic foot of 
the steam Ea, Fig. 14, ae sup- 
phed to the engine. 
TJ =theft. lbs. of work performed 
pet stroke of whole engine. 
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H,=tlie dynamical value of the 
total heat of evaporation per 
ponnd from 32° F. at the 
temperature of boiler press- 
nre steam ; that is, the heat 
to raise the temperature of 
the water from 32° F. to the 
temperature of the Bteam in 
boiler, added to the latent 
heat of evaporation at the 
latter temperature. (Con- 
venient values are given for 
this in the tables of Jian- 
kine's Steam Engine.) 

t^ =the actual temperature of the 
feed water. 

J =Joule's equivalent, =772 ft- 
Ibs. 

Then the total beat consumed per 
stroke of engine, or of steam Eo, Fig. 14, 
in dynamical valne, of ft.-lb. units, is 

H=V,'D,(h,-J(<,-32°A . (2) 
and the efficiency =-5- .... (3) 
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Area of Duqbahb bf Calculation. 
Some of the more simple diogramB may 
be more readily calculated than drawn on 
a drawing-board and measured. 

< V, > 



For such a diagram as shown in Fig. 
17 the area of that portion falling under 
the expansion hne between two verticals 
and above the vacuum line for one pound 
of steam in the usual notation ie 

/P<i^ (a) 

where p, as shown, is the specific press- 
ure of the steam, or absolute pressure 
per unit surface ; usually pounds per 
square foot ; w, = the specific volume, or 
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volume per utut weight; usoally cable 
feet per pound ; luid where p is the vary- 
ing presEure under the carve. 

This is for one pound, and not for the 
actual volumes V, and V,. Hence the 
area in (a) is eimpl; like that designated 
in Fig. 17, bnt not eqnal to it. 

But in the present case It will probably 
be mcffit convenient to apply our reason- 
ing to the actual volumes V,, V„ and V 
of the high cylinder, low cylinder wid 
receiver respectively. 

For the present convenience let A= 
the area of the high-pressure piston, and 
L the length of its stroke. Then 

V,^AL, 
or multiplying through by P, 
P,'V,=P,AIj=actual area under the 

admission line .... (4) 
Similarly below the expansion tine 

actual area = / PAt/L ... (5) 

if L,=lengtb of the admission line, and 
L, = length of the exhaust line. The 
pressure P is here variable, but accord- 
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ing to (1), the zero of -volumes brang 
noted, is 

Hence (5) becomeB 

■ ' L,^ 

1 / l-Z 1-X\ 



or, since L,=L, + ;, where /is 
under tbe espftnsion line. 
Actnal area 


the length 


=AP,L, 


^.\- 


^-(^ 


r\ 




_P,V,( 


^-Cff 


"\ 



that y, the area under any expansion or 
compression line is equal the rectangle to 
the preaenre and vohune of the highest 
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point in the curve mnltiplied by the 
fuDctioQ of the ratio r, of eipansion, and 
of the exponent x as shown. 

To express the area in terms of the 
rectangle to the pressure md yoluma of 
the lowest part of the expansion curve 
we have, according to eq. (1). 



-m- 



and 



P,V, =P,V,r^-" 
and hence we may write in place of (6) 

actual area=P,T,^^^- . . (7) 

For the particular case a;=l the equa- 
tion becomes inapplicable. But for this 
case the general integral gives the - 

Actual area=P,V| hyp. log. r (8) 

which is equal to the rectangle to the 
highest pcrint of the curve, multiplied by 
the hyperbolic logarithm of the rate of 
expansion. These logarithms are found 
in Table B. 
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As X is here =1, we h&ve 

and hence we may put in place of (8> 
when more conTenient, 
Actual area=P,V, hyp. log. r . (9) 
Applying these to Fig. 17, observing- 
that it may be taken for the diagram of 
a. componnd engine in which there is no 
clearance nor receiTer, and no cut-oflf to 
either cylinder, the cylinder volumes be- 
ing V, and Y„ we have to add to the ex- 
pansion area of (6) to the rectangle P, 
V, and deduct the rectangle below the 
exhaust line F,V, ; and hence, calling 
the work performed by this engine per 
stroke tj, we have, by application of (6), 

U=F,Y, + P,V, ^_^ -F.Y. 

=i^(„_ 1 )_p,v, . . (i„> 

P, being the back pressure. 

This is the same expression as ob- 
tained for a single cyhnder engine, the 
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vbole expanBion taking place in the one 
«ylmder. 

The exponent x ie probably m in tMe 
iQBtance for the reason that there is no 
isodynamic " drop " in the preEsure be- 
tween the cylinders. 

Similarly for the case x=l we have, 

hy (8), 

U=P,V,(l-|-hyp. log. r)-P,V, (11) 
I. Case of Fig. 11. 

Galling the rolume of admission BC=: 
T,', and the ratio of expansion in the 
high-pressure cylinder »■„ we have 



V, being the volume of the high cylinder, 
and to be so regarded in every applica- 
tion. Hence Y,' in the present case is to 
replace V, of Eq. (10) or (11). Our ex- 
pression for the whole work of engine 
per stroke is, therefore, 

''=;r^,('»-^)-f.''. • m- 

r, being the ratio of expansion in the 
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bigb-pressure cylinder itself, and r the 
ratio of the entire expaoBion C to G, also 
P,=the boiler pressure (absolute), V, the 
volume A£ of higb-pressure, and V, tbe 
volume AF of the low-pressure cylinder. 
The wort performed in tbe low-press- 
ure cjUnder alone, according to (6), ie 

AF 
AHDGFA - P. V, =EDGFE g, - P.V, 

_ AEXED \ ^1_ (AF_ 

m-1 I / AF \"'~^ i EF ' ' 

r,'^m-l)\ \VJ i V,-V, ' ' 
The work performed in the higb-preas- 
ure cylinder is, of course, tbe difference 
between tbe last equation and (12). 
For the case x=l, we have 

TJ=^'(l-l-byp. log. /■)-P.V, 

and the work performed in the low-press- 
ure cylinder according to (8) is 

AF AF 

=Ai:xED|£hyp.log.^ 

V,P, V, , , V, 



II. Case op Pig. 12. 

As to the exponente x lot this cme, 
the combined expausioii and corapreseion 
FJ and HJ ia isodynamic, that is, imac- 
companied with external work, and the 
steam is probably slightly superheated, 
BO that for the fall from L to I the 
proper value for x is probably n, or 
nearly it Granting this, then the x for 
the other expansion should be a, or be- 
tween a and m, as may be judged by th& 
engineer in particular cases. With these 
values of x, we have 






whence 

CL 



Pf "VY, "V,+Y'} 
DN~P„~W/ W, + V7 
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l>y old of which the diagram can be 
accaratelj constructed. The subscripts 
iere refer to the Figure. 

For an infinite receiver V'=:ao; and 
ihe equations for pressures reduce to 

Pi ~P,~WJ 
Bf application of £q. (7), obserring 
ihat for IN the ratio of expansion is 

~V, + V" 
■we have, 

and eliminating P„, U=P,V,x 
[1-P,V, 1 



^Cvm^MW-M 



(") 



If V'=0 the receiver is dispensed with, 
:and this case reduces to that of Case I. 
The above then for n=a reduces to 
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which is the oame as (10) if a ia ebanged 
to m, as it should be for the present Bnp- 
position where V'=0 of no isodynEtmio 
expanaion nor consequent superheating. 
The change in diagram, Fig. 12, due to 
making V'^O, oonaiate iu the rusing of 
the point I up to L while N remains 
fixed. The diagram then agrees with 
Fig. 17. 

"When x=l we have for Pig. 12 and 
EqnalJon (9) 

area CIND=P„(V, + V')byp.log.^'~ 

....'. (16) 
Adding BCLF and deducting for back 
pressure we have for the work performed 
per stroke of the engine 
V= ^ . 

P, V, + P„(V, + V) hyp. log.^J±y -P.V. 

=P.V,{n.(l+^)hyp.log.;i±;;| 

-P.V, .... (17) 
It is to be observed that the zero of 
volumes for the expansion IK is at A, and 
for the curve LN we have, for x=l. 



p„v,=p,v, 

If V'=0 we have Eq. (11), as we eyi- 
dectly shotild. 

IIA. Gabe of Cut-Off and Expaksion in 
THN Hioh-Pbessdbe Cyundkb, Toqethes 

WITH A BxCEIVEIt. 

Fig. IB IB the diagram representing 
the present case, where BC is the Tolame 
of the high-pressure cylinder, BD the 
volnme of the low-pressure cylinder, and 
AB the Tolnme of the receiver. 
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The admission at boilar pressure F, is 
trom F to the cut-off at E. From E to 
L is the espaDsioQ curve answering to 
the expansion in the high-pressure cjlin- 
•der, L to I is the f^ of pressure due to 
exhaust from this <^hnder into the re- 
ceiver AB, and IN is the expansion carve 
for the forward stroke of the low-press- 
ure cylinder, the zero of volumes for 
which curve is at A, because at the be- 
ginning of the strobe the volume AG is 
that which fills the receiver and high- 
pressure cylinder, while at the end of the 
stroke the same steam has the volume 
AD of the receiver and low-pressure cyl- 

The work done in the high-pressure 
cylinder per stroke is represented by the 
area HFELIH, while the same for the 
low-pressure cyhnder is QHINOQ, OQ 
■being the exhaust line. 

Let r,=ratio of expansionin the bigh- 
jressure cylinder, giving 

''■~EF* 
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An expression for tbe 
«t»BCU5PB=5!l><l^ 



is given in (12), omitting exhauBt, area. 

Beferring to the equation preceding 
■{U), we Bee that it may be modified to 
Tepreaent the work per stroke in the 
-present case by substituting (18) for the 
first term,and by 8Ilb8tit^tingP,-^^•,'" for 
"P " of the second term, because there 
""P,"=the terminal pressure CL, Fig 18,' 
-while BF must stand for P,. Making 
these changes in (14) we have, for the 
work per stroke of both cylinders for the 
«a8e now considered, 

^=;r(;j^)("-l^r) + 

P.V, /T,\- Y,+Y7 / Y, + TV -1 \ 
r»Vvj V,(o-l)VW,+V7 / 
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f/,"(a-l)W,/ Iw, 



P,T, 1 
P.fJ 



. (20> 



The work performed in the low-preee- 
ure cylindeT ie found by taking the last 
two terms of (Id) for the area MINO, 
multiplymg it by BD, and dividing by 
CD, that is, 

are8QHlN0Q=MIN0XY^ - (21) 

For the case a;=l we have the let 
term of (11) as an expreeBion for the area 
of the diagram of the form BCLEF^ 
Fig. 18, where the "V," in (11) is =FE. 
But hereBC=V,=rjFE="V,"r„whenca 

Putting this value of "V," into the first 
term of (11), and we have 

BCLEFB=?^'(1 X hyp. log. r,) . (22) 
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The area for CIND ii 
ADxDN hjp. 1 

and BDxDN=BCxOL=V,xCL. 
But r,xCL=P,=BP, 

P V 

•od DN=^. 

Hence the area 

CIND=?-i(T, + Y')hyp.loe:.^±^;(28, 

and the area representing the work done 
by both cylinders per stroke is the aam 
of (22) and (23), lees P,V,. 

The work p^ stroke of the low-preagr 
ure cylinder is 

=(23)Xg5--P,v, . . . (24) 

and this taken from the work performed 
by both cylinders per stroke gives the 
work performed per stroke of the high- 
pressure cylinder. 
The expression (21) becomes 
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mjwhich, if we neglect the last term and 
make V'=0 we obtain the 

Case of no Reaiver, 
P,V, V, ^ , V, 



If we put the ratio'of expansion =r^ 

in the low pressure cylinder=r, and ob- 
serve that CL is then the initial pressure 
in the low-pressure cylinder, which for 

P 

the moment we may call 'P'=—^ the above 



an expression which is essentially the 
same as that given just preceding Table 
C. 

Similarly for V'=0 and omitting P,V„ 
the work for the high-pressure cylinder 
per stroke is 

^(l + hyp.log.>--~jhjp.log.r,)(26) 

and for both cylinders together the work 
per stroke is 
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-^^1+hyp.log. j-, + hyp.log. r\.(i7) 

By placing the ezpreBsions for the 
■woA pwformed in the two cylinders 
equal to each other we obtftin, after re- 

hyp.log.r.=^Jhyp.log. r,-l. . (28) 

an expression which gives the value of r, 
the ratio of expansion in the high-press- 
ure cylinder in terms of r, the ratio of 
the volumes of the cylinders and also the 
ratio of expansion in the low-pressure 
cylinder. 

Example: Case of Pabt I. 
Placing r,z=a.iGi 
we get r,=3.464 
for the only case where the work in one 
cyUuder can equal that in the other, and 
yet with equal ratios of expansion. But 
this equality of work fails when there is 
an appreciable exhaust pressure. 

As a 2d example take r^—2 
Then for equal work performed in the 
cylinders we have r^=%9i 
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Indeed, equation (28) shows that there 
are an infinite number of values of r^ 
which will satisfy r, for equal work per- 
formed in the cylinders. 

Efect of a Receiver. 

As the volume of tbe receiver is 
changed from zero to infinity, the point 
I, Fig. 12, falls from L to the horizontal 
through N ; while the point N remains 
stationaiy. To find the point I on a 
drawing-board for any set of values of 
V, V, and V'j tii^t find N by aid of (13) 
then draw the adiabatic NI with the 
proper exponent, and with A for the zero 
of volumes. 

We thus arrive at the important con- 
clusion that by increasing the size of tbe 
receiver we diminish the amount of work 
performed by the same weight of steam, 
and to the extent due to the correspond- 
ing lowering of the line NI. 

In the volume V of receiver must be 
included all the space about the valves 
and of the communicating pipes between 
the cyhnders, as well as that in a receiver 
proper. Thus the superheating cham- 
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bera sometimes employed between the 
cylinders must be counted in. 

The effect of superheftting in the re- 
ceiver is that to change the presBures 
and nut the Tolmnes. Such superheating 
simply raises the lines NI and HI. If 
the steam is dry without a superheater, 
then with it these lines will be raised 
nearly in proportion to the elevation of 
the absolute temperature by superheat- 
ing. 

GoMPODNV Pumping Enoines. 
In rotative conipound pumping enginea 
any of the foregoing cases will apply aa 
well as for other purposes. But for non- 
rotative pumping enginea some difficulty 
is experienced in maintaining motion 
near Ibe end of the stroke, due to the 
fall of pressure of the expanding steam. 
To admit a puff of steam near the end of 
stroke for a last lift that shall carry the 
engine over is very wasteful of steam. 
To illustrate by a diagram, suppose the 
expansion be carried from F to H, Fig. 
19, at -which latter point the engine fal- 
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tere. Nov to admit a portion of steam 
that shall cause the pressure to rise to D, 
and add the area HDC over what it would 
have been without the added steam ; the 
-flffeot is a lose of work from what it 
would have been had the same steam 
Ijeen admitted at the beginning' of the 
stroke as represented by the area 
HFEDH, and the expenditure of steam 
is increaaed by the ratio EGh-FG. (This 
estimate, however, will be slightly modi- 
fied by the fact that the steam thus ad- 
mitted is reduced in pressure at the ad- 
mission and superheated somewhat) 

Owing to this difficulty of falttring in 
non-rotative engines It Is customary to 
use no cub-o£fs on the cylinders, but 
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to aeoure the expansion by passing the 
st«ani from the high-pressure into the 
low-pressure cylinder. 

If there be no receiver the diagram is 
of the kind shown in Fig. 17, and the 
■work performed per stroke is given by 
equation (12) for r^=l. An example of 
such an engine is shown in Fig. 9, though 
the intermediate steam pipe must have 
the effect of a receiver in small degree. 

If there be a receiver and no cut-offs, 
the diagram is shown in Fig. 12. In 
practice the communicating passage be- 
tween the cylinders amounts to a small 
receiver in effect, however small it may 
be. and the expression of amount of work 
per stroke is given in (14). The receiver 
has the effect to reduce the work per 
stroke by the ratio, see Fig. 12, 

QFLINOQ 
QFLKNOQ ■ ' 

if there be no reheating in the receiver. 
But in reheating great advantages may 
arise, as ah-eady considered. 
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Tbb Take Engine.* 

An interesting form of compound en- 
gine for pnmping has been introduced to 
Bome extent by H. B. Worthington, and 
by Cope and Maxwell, in -which there are 
two cylinders, one larger than the other, 
and an intermediate " tank " or receiver. 

The faigh-pressni'e cylinder in this en- 
gine is supposed to take its steam at con- 
stant pressure from a boiler during its 
full stroke, then to exhaust into the re- 
ceiver. The back pressure is the press- 
ure of the steam in the receiver, which 
-will be somewhat variable according to 
relation of sizes of receiver and cylin- 
ders. The low-pressure cylinder steam 
supply will also vary somewhat in press- 
ure according to pressure in the receiver. 
This cylinder exhausts into the air, or 
into a condenser ; the back pressure due 
to which is assumed constant in the cal- 
culations. 

As to the piston movements three are 
possible, viz., 1st, they may have entire 
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independence; 2d, they may be limited 
to an equal number of Btrokes per min- 
ute, with initial points in certain relation ; 
and, 3d, they may be further limited by 
periods of tarrying. The latter is the 
caEe with the engine now considered. 

Ab to the valve movementa, four are 
poesible, each differing from another in 
«fBcieDcy of the engina Two are se- 
lected as special objects for investigation 
here, viz., the one with the lowest effi- 
ciency, and that with the highest. But 
all these efficiencies approach, and, finally, 
have a common value as the receiver is 
enlarged to infinity. For this latter and 
special case the formulas are much sim- 
plified. 

One important fact to be pointed out 
is that with a certain mode of working 
the valves, a comparatively small receiver 
gives a higher efficiency of steam than a 
larger, or infinite one. 

The engine, with two pistons and one 
receiver, is briefly shown by diagram in 
Fig. 18, where b, d, are admission valves 
for high steam, into small cyfinder ; e,f, 
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L.r. Cyl. 

Fm. 20. 

exhauBt ralves from th« small cylinder 
into the receiver ; g. A, admission TSlvea 
'rom the receiver to the low-pressure oyl- 
Qder; andy, k, exhaust valves from the 
ow cylinder. 

The.action of the pistons, except where 
nentioned as otherwise, is considered as 
Jtematin^; that is to say, one piston 
tands still at the end of the cylinder, 
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while the other makes ita stroke, luid 
conversely. This is the third above men- 
tioned. 

The diagram will enable us to indicate 
the fact of different ways for working the 
valves. For instance: 1st, suppose b and 
f open, e Mid d closed, piston H moving, 
and piston L standing at end of cylin- 
der. Then with j and k closed, g and A 
may be either opened or closed. If closed, 
the steam from /' accumulates only in 
the receiver, while if open, it flows into 
both the receiver and L cylinder. This 
option in the valves g and h occasione 
two valve movements. Again ; 2d, sup- 
pose piston L moving, while piston H 
stands at the end of the stroke, then with 
b and d closed, e and f may be either 
opened or closed, a second option which 
occasions two separate valve movements^ 
for this side of the engine In the com- 
bined action of both sides, it appears 
from the fact that these options are 
independent of each other, there results 
four possible valve movements, two of 
which, as above mentioned, are selected 
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for inTestigation and comparison, and are 
flhown in Fig. 21. The Ist is the least, 
and the 2cl the most efficient of the four. 

In the 1st, and also 2d, of Fig 21, 
the engine is represented in the foiu' 
relations neoeasarily undergone for the 
completing a cycle of operations. For 
instance in Ist, we have piston H moving 
'while piston L stands, then H stands 
■while L moTes, next H moves opposite 
to the first as L stands, and finally H 
stands as L moves, contrariwise to that of 
its first stroke. The nest move is the 
same as tlie first, and thus they continue 
in repetition. Piston-rods are shown by 
arrows, which indicate direction of mo- 
tion. Broken arrows mean standing 
still. 

In Fig. 21 all open valves are indicated 
by arrows. Feathered arrows are put for 
valves necessarily open, while naked ar- 
rows are at valves in option. In the 
light of these remarks, the valve move- 
ments of 1st and 2d may be traced 
thi-onghout, also steam action. For con- 
t the fonr relations of Fig. 
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21 be designated as A, B, C, and D, aa 
shown. 

Then in lat : for the A relation W6 
have H moving mth high steam on one 
side and eshaust on the oth^. These 
are necessary conditionB while H, moves, 
and henoe the arrows are feathered. Tha 
exhaust, however, is shown as into the 
receiver not only, but the L cylinder as 
well, because iim valve to the L cylinder 
is open. But that valve might be closed 
when the steam would be confined to 
the receiver with a more rapid rise of 
pressure. The latter condition is shown 
in the A relation o£ 2d, hence this ar- 
row is left naked. 

Again in the B relation, the H piston 
is standing while L is making its stroke. 
The valve between H and the receiver is 
closed in 1st, or it may be open as in 2d, 
and hence the arrow is featherles^, as 
shown. 

These references suffice to explain the 
C and D relations also. 



V. Solution for th« Fibst Valve Mote- 
MBNT OF Fio, 21. 

Before making etatements of eteam 
action it will be necessary to know spe- 
cifically the condition of the steam at every 
point aB it passes through the engine. 
Por the Ist part of Fig. 21, the complete 
diagram of steam action, for continuity 
of engine movement, is given in Fig. 
22. 

Let V, =volume of the high pressure 
cylinder, V,— volume of the low-pressure 
cylinder, and T'=volume of the receiver. 
These volumes are shown on the diagram 
■ in their proper relations. Also the ab- 
solute pressures P, of the boiler, P, of 
terminal expansion, and P, of the ex- 
haust, are shown. Other pressures will 
be indicated according to lettering of 
diagram, as, for instance, Pi = P^ 
being the pressures at the points I 
and O. In short, the pressures and vol- 
umes are represented by vertical and 
horizontal distances respectively, with A 
for the zero -or origin. 

The Compute Diagram and Indicator 
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Cards. — Now, reiening to Ist of Fig. 
21, we see that in the A relation the low- 
pressure or L-pieton is standing at the 
end of its stroke, and with the valve be- 
tween that cylinder and the receiver 
open ; the steam that made the last L- 
dtroke being retained, Hedce the L- 
cylinder and receiver both together are 
serving as receiver, while the high-press- 
ure or H-pieton is making its stroke and 
forcing the steam from the H-cylinder 
into the receiver. The H-piston is 
moved by steam from the boiler, the 
same being admitted at full pressure P„ 
and fnll stroke. 

Now in Fig. 22, FL represents this 
high-pressure line of P,, while KG rep- 
resents the compression line of the H- 
pistoD stroke. It is to be observed that 
at the initial return of H, the volume is 
AC=V,+V,-l-V';and at the end, it is 
AD=V,-I-V'. 

Next, in the B-relation of 1st of Fig. 
21, the valves of L are reversed, as H 
completes its stroke, the steam in the L- 
cylinder being exhausted. In Fig. 22 
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this exhaust is shown b; a cutting off of 
the steam QI, and leaving only that in 
the receiver, of volume V'=AE, to aet 
npon the L-piston. 

The H-piaton now stands while the L- 
piston makes Its stroke with a change of 
active steam volume from V to V + V,; 
and producing the expansion line IH, 
Fi^. 22. Next the valves of L, Fig. 21, 
remaiD, while the valves of H reverse; so 
that the L-piatOD stands while the H- 
piston moves as in the C movement. 

Now as the valves of H reverse, the 
high steam exhausts into the receiver and 
L-cyhnder together, givingthe expansion 
line FJ for the high steam, and the com- 
pression line HJ for the low steam, till 
both arrive at a common pressure at J. 
The expansion line FJ is to be drawn 
with C as the point of zero volumes and 
pressures ; while HJ has A for the like 
point. Here the steam, isodynamically 
brought down from P, at F, will be hot- 
ter than that brought up from P, at H ( 
and as they commingle, the' volume JK 
decreases by giving up heat, and the vol- 
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nme AB increases by reoeiving that heat. 
But as the same weight of steam must 
necessarily be exhausted from Uie high 
cylinder as from the low at a stroke, it 
follows that the st«am JK introduced 
must have equal weight with the steam 
01 exhausted. Hence the volume JK 
must shrink by cooling to some volume- 
J'K, such that J' hes on the expansion: 
curve IH; because when AC ia com- 
pressed along KG to AI>, then J'K must 
compress to 01, and AB' to A£. The 
curves KO and J'l are of like sort, with 
the point A for the zero of pressures and 
volumes. 

Now H commences its stroke with a 
back pressure Pj=CE, and the volume 
AC=V, + V,+V'. At the end of the 
stroke, this volmne has been reduced to 
AD, giving the compression line KG. At 
the end of this stroke the valves of L 
are reversed, causing the immediate ex- 
haust from L of the volume GI=Vj, 
when in the Ij-stroke the expansion curve 
IH, etc., is formed as before. 

Thus it appears that FO-KL is the 
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dii^^Tam for the H-cylinder, while HIQS 
is the diagram for the L-cylinder. The 
work done by theBe cyhnders will be 
proportional to these areas. The back 
presBore is EQ=P,. 

Nature of the Expansion and Com- 
pression Jjines. — Haying traced out the 
Kction of the engine and of the steam aB 
it Is worked in it, we are prepared to in- 
quire into the specific nature of the vari- 
ons lines of the complete diagram. Fig. 
22, from the standpoint of thermodynam- 
ics. Thus the compression curve KG 
is adiabatic, and such that if the steam is 
saturated at E, it is snperheated at O by 
the compression. Hence, aB the steam 
will be shown to be not far from satur- 
ated at K, this curve is an adiabatic for 
superheated steam. The same is true of 
J'l, because as K is compressed to O, J' 
is compressed to I, After the exhaustion 
of the volume GI, the curve IJ' is re- 
traced by expansion with the same steam 
as was just compressed along J'l. But 
with J'H the case is to some extent dif- 
ferent, before explaining which, we must 
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consider JH and JF. With respect to 
the latter, it is to be obBerved that at the 
end of the stroke of the L-piston, the 
volume V' + V, is read; to receive the 
high Bteam exhaust from the H-cyllnder. 
Here the low-eteaia pressure is DH=P„ 
and high-steam pressure DF=P, : while 
the volumes are V'+V^siAD, and V"| = 
DC, respectively. Now as the valve (rom 
H to the receiver opens, these two por- 
tions of steam coalesce * into a common 
body, whose volume is simply the sum of 
the previous partial volumes ; that is to 
say, 

(V,-i-V')-|-V,=V,-l-V, + V'; 
and the resulting pressure is BJ. In this 
act no exterior work is performed by the 
mass of steam in the volume AC, because, 
for the instant during which this com- 
mingling occurs, the pistons of the en- 

* ThiB. however, ia onl; psJtiBllf trne. since some 
of the st«am remains la the J?-oylinder till forced 
out tbrongh the open valve Into the receiver during 
the return stroke. Though the preesnre Is common, 
yet the temperature and density of that remaining 
in the cylinder will probably differ somewhat from 
that In tbe receiver. 

u,3,,zMn, Google 



144 

gine do aot move perceptibly. This act 
is therefore governed by £im'fl/cMO; that 
ia to say, because no external work is done 
daring the change, the internal energy 
of the mass of ateam remains constant. 
The curve representing this action is the 
so-called isodynamic curve. Hence the 
pressure BJ is to be found at the inter- 
section of two ieodynamic lines FJ and 
HJ ; the first representing the isody- 
namic expansion of the volume V,, and 
the second, the compression of the vol- 
ume V'+ V,. 

Though these curves serve to determ- 
ine the point J, or resulting pressure 
BJ, yet it is to be understood that they 
do not represent the operations which 
actually take place iu the two portions of 
steam, because the low ateam is in real- 
ity compressed adlabatically from H to 
J', and the work B'DHJ' performed. 
This work is performed by the expansive 
action of the high steam while actually 
«xpanding along some line FJ' and Aot 
FJ. This curve, however, will he above 
the adiabatic through F, because in ex- 
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ptmding along FJ'the steam Unotdoing 
its fall work, the work actually done be- 
ing only B'DHJ' instead of an area ex- 
tending fully up to the expansion line. 
Hence, J' Instead of J, represents the 
actual resulting point of pressure. 

Now the points J and J' are expected 
to be very nearl;/ in a horizontal line, but 
may not be exactly ao for several practi- 
cal reasons. The expansion J' H will 
probably be mostly adiabatic below the 
saturation point, the point of change 
from snperbeat to snpersatnration lying 
somewhere on J'H, but not far from J'. 
Much of the supereaturation moisture 
due to this expansion may be precipi- 
tated while the L-piston tarries at the 
end of its stroke, so that the compression 
heat o( HJ' acts at a disadvantage in re- 
evaporating that moisture. The moist- 
nre thus precipitated may accumulate in 
the receiver as water, and require to be 
drawn oflf by a cock. To show that at 
the end of the stroke IH the steam is 
necessarily below the saturation point, 
wc observe that KG and Jl are counter 
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actions which offset each other, as al- 
ready ezplained, and hence have no in- 
fluence on the final condition of saturo. 
tion. Now, referring to the isodynamic 
lines, the expansion FJ gives rise to 
superheat, while the compression HJ oc- 
casions condensation. These actions 
nearly compensate each other, because, 
though the intensity for FJ is greater 
than for HJ, yet the quantity of steam 
concerned in JH is greater : assuming 
that these exactly neutralize, then the 
saturation point lies very near to J', and 
below it if supersaturation moisture is 
precipitated in the receiver. 

It appears, therefore, that the expan- 
sion line IH is of two kinds, viz., from I 
to some point near J' it is adiabatic for 
superheated steam, while from the latter 
point to H it is adiabatic for supersatur- 
ated steam. 

To account for JJ' on the Supposition 
of Seat. — In this case the drawing-board 
may be preferred. Use temperatures 
and a diagram, as shovm in the lower 
part of Fig. 22. As the temperatures for 
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tbe isodynamic lines through J are each 
nearly constant, let the absolute temper- 
atures r, and t, of the steam at sdmis' 
sion and at the end of J'H be laid off 
downward, as shown. Draw lines to M 
and N, meeting JMN, Then draw 
straight hnes AMO and CNO, giving the 
intersection O. Then the line through 
O parallel to NJ should give the point 
J'. The diagram ANC depends upon the 
law of Gay Lussao, relating to volume 
and temperature, for constant pressures 
in gases, viz., by symbols 



In saperheated steam this very nearly 
holds true. In the diagram the apphca- 
tion is AB : BM : r BO : RM, and CB ; 
BN : : RO ; BN. The two portions of 
steam are first supposed reduced to the 
common pressure Pj, by the isodynamic 
or nearly constant temperature expansion 
FJ, and the like compression HJ. The 
volume BC then has the temperature t, 
of P,, and the volume AB the temper- 
atnre r^ of p^. The change JJ' is that by 
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which the portion BC shrinks, and of 
AB expands, while the temperatures r, 
and T, merge into one temperature, -Zj = 
BR. 

Repeated trials should be made until 
JJ' is a horizontal hue from the inter- 
eections J of the isodynamics to the adi- 
biatic IH, and with J'K and GI also hori- 
zontal. 

But as the correction to the volume AB 
=Yj IB usually less than oue per cent, it 
is probable that the discrepancieB in re- 
Eralts of efficiency or duty of engine due 
to it will be too small to merit serious 
consideration. 

Hence, in the following general equa- 
tions the points J and J' will be regarded 
as coincident ; and the entire expansion 
line IH will be treated as of one form, or 
as characterized by one value of the ex- 
ponent X in Eq. (1). 

Area of the Indicator cards / and 
General Sguationa, — To find the area of 
the diagram, we have from equation (6) 
and Fig. 22, observing that the rectangle 
of the pressure and volume of the initial 
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point of the curve QK is AD X DO, and 
that the ratio of expanBioQ is AC-i-AD, 
«reaGDCE:= 



■" a-1 
H 

,. "y.+V' I 


=P5V,M . . . (30) 

' 1 * ^ mi 


V,(a-I)l 


! (-^r^ ' 



For the particnlar case a = 1, the 
integi^ becomes, for the small cylinder 

(GDCK)..,.=AP,L,hyp.!og.(l+^)) 

=P^V, + V)hjp-log.(l+ Y;:pf. )) 
In these equations F^ is the absolute 

pressure DG,=EI. 
Similarly for the area lEDH, taking 

the point A, Fig. 22, as the zero of 

Tolumes, we have by aid of (6) 



if 

For (1=1, we have 

(IBDH)«=, =PpVhyp. log.( 1 + ^1 

Now the work done in the high-prese- 
nre cylinder, per stroke, is 
P,V— GDCK. 

Also in the low-pressure cylinder it is 
IBDH-P,V,, 

H^nce, when the engine is working in 
continuity under the first valve move- 
ment of Fig. 21, and giving the diagram 
of Fig. 22, then, for one stroke of each 
piston in regular order of continuity, the 
sams being the half of a complete cycle 
of operations detailed in Fig. 21, or, for 
«ach high-pressure cylinder full of steam, 
the work done per stroke of both cylin- 
ders is U=(P,V, -GDCK) -I- {IEDH--{P, 

r=P,T,-Pi, V,M-P,V,+Pff V,N (35.) 
all being in known terms except P^. Fig. 
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22 ehowB that this depends on many 
things, and that it is in no case, in itself, 
arbitrary, but that, in an actual engine it 
is self-adjusting according to pressure of 
admission, dimensions of cylinders and 
roceiTer, mode of valve action, and laws 
of expansion. 

To express F^ in convenient terms, we 
may write from Fig. 22, and by aid of (1) 
and the following table, regarding J and 
J' as coincident, 

P, ~Vfl/~\v /■ 

Also, 

/ Y.+T^ + YV / _V^V- 

Again, from the fact that the inter- 
cepts on horizontal lines lying between 
two curves constructed from (1) with 
one value for x and different values of F, . 
T,, are proportional to the abscissas to 
the intersection points of the horizontal 
lines with either curve, we may write. 
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AC Y,+Y,+y 
" AD ~ V, + V 



V, + V' ■ 
Elimmating JK and co;nbinmg, we get 



for the work of the half cycle, or for one 
stroke each of the two cylinders in cmi- 

tinuity, 

^-(r:)"(-^r""(;;-«) 

and for the hyperbolic expaoBion, where 
a and n=l we have 
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all quantities being in known terms. If 
a=«, the term ( 1 + tt — !^, 1 drops from 
(37). 

If V'sioo, and « and n as in (37), we 
get 

TJ'=P,V, 



U-ii.YjLr-ii^ 



:r 



(39> 

If V'=oo, and a and n=l, we get 
/ V P V t 

B"=p,v,( 2-y;-|y;) • ■ m 

In these expressions, 

P,= absolute pressure of admission, lbs. 
per sqiuire foot=144 (p,' + 14.7), for 
;>,'=lbs. per square inch of boiler 
pressure. 

P,=abBolute back pressure to low-press- 
ure cylinder lbs. per aqnare foot of 
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the atmosphere for exhausting into 
air, or of the condenser for con- 
densing engines. 
T,= volume of high-pressure cyUnderin 

cubic feet. 
V,=volunie of low-pressure cylinder in 

cubic feet. 
V'=volume of receiver and connecting 
pipes in cubic feet. 
M and N being given by equations (31) 
and (34). 

These equations are useful in calculat- 
ing the amount of work that can be done 
by an engine, or in calculations for duty. 
In practice any one of these equations 
can be used according to accuracy re- 
quired, (37) being necessary for the 
greatest degree of exactness. It is seen, 
however, by (1) and the accompanying 
table that a much wider departure from 
truth results when a=l than when n=l. 
When the steam is very wet the actual 
value of a will be much nearer unity than 
for dry steam. In such case some value 
of m should be used in place of a. Fig. 
32, also, will indicate in some degree to 
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what exteot, in taiy practical case, we 
jeopardize the result by tebing Y' mfinite 
in the calculations. 

Presiure at Different Points of Steam 
Action. — It is often desirable to know 
the pressure at different points ot the 
steuD action in the engine. To this end 
we have (86) for the terminal pressure, 
Pg. in the high cylinder, and initial press- 
ure in the low cylinder. This shows that 
if a=« it matters not with pg whether 
V'=:ao or not. From this it appears that 
for a=n the smaller we make V the 
greater is iAxG proportion of work done 
by the small and less by the large cylin- 



For the initial and final \ 
the low-pressure cylinder we have the re- 
lation 



=(^T=i 



combining with (36) 

The 4th equation preceding (36), com- 
bined with the 2d, gives 
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These equations show tiuit for V'=x 
ire have 

irhich is the constant pressare of the in- 
finite receiver, and toward which this 
pressure approximates as V is made 
large. 

Eqiution (36) shows that if a^n, as it 
will very nearly for wet steam, the press- 
ore at G or I,=Pg, win be entirely inde- 
pendent of V whether infinite or finite. 
The efiect of this on the diagram is that 
the lines GK, or IH, swing around the 
points G and I as pivots, becoming fiat- 
ter as V is enlarged, or steeper as it is 
diminished. Hence, as V is enlarged, 
the wcrk produced in V, decreases, while 
in V, it increases. Considering these va- 
riations, a loot at the diagram, Fig. 22, 
shows that the efficiency of this engine 
increases with T', and is a maximum 
when V' is infinite. 

When V'=0, V, does no work, and the 
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«Dgiiie does worse than a non-componnd, 
but ©qoals it wben IQSH=GSS'K. 

Jieiatioe Areas of Indicator Garde.— 
It is eXaa desirable to know the relation 
between the work developed in the high- 
pressure cylinder and the low. From the 
expressioiiB (35) and (36) giTenabove,we 
readily find, 

W k. H-Cyl. 

Wk. L.-Cyl. 

""(1 + VWV 



<tJ{^ 



For the hyperbolic expansion this 
ratio is 

1 v. + v, 



-hyp. log ^1 



- (46) 



^hjp.log.(l-|-:^rj-^ 

\ Y'=oD , aod u and n are ae in (45) 



m' 



P,V, 
P.V, 



. . (47) 
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=— ^. ^^> 

Heat for Producing the Steam. — ^The 
total heat consumed per high-preBaore 
cylinder full of steam in dynamical value, 
or ft.-lb. imitB, is, see equation (2), 

H= V,D,[;H. + J(i!/ -82*')] (49) 

and the efficiency is given by (3). 

Maximum £!ffieiency. — In the com- 
pound engine now considered, if the two 
cylinders are of nearly equal size, one does 
almost no work, with slight expansion, and 
with a corresponding low efficiency. On 
the other hand, if there be a very great 
disparity of cylinder sizes, the low-press- 
ure cylinder may exhaust the steam so 
rapidly from the receiver as to carry its 
pressure as low or even lower than the 
back pressure. At the limit of equal 
back and receiver pres^re, no work will 
be done by the low-pressure cyhnder, and 
the high-pressure cylinder exhausts, in 
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effect, into the back preseiu-e direct. 
Here again we have no working expan- 
sion, and a correspondingly low effi- 
ciency. It is evident that between these 
limits there e^ciste a relation of sizes 
which will give a maximum of efficiency. 

To detennine this relation, asBnme a 
fixed Tolnme of V, and of V, while V, is 
made to vary. In this way the quantity 
of steam used per stroke is invariable, so 
that the denominator of (3) is constant. 

Hence, for the maximum of (3), we 
have only to examine the numerator, or 
to examine (37), (38), or (?9), •tc, accord- 
ing to contemplated accuracy. This 
could be done by working out several 
values from which to construct a curve, 
the maximum ordinate of which corre- 
sponds to the maximum sought. This 
plan is probably advisable for (37) and 
(38). 

If we place the differential co-e£Boient 
of U" with respect to V, from (39) equal 
zero, we get after reduction, for the case 
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an equation which is irresolTsble for tlie 

deaired quantity, viz.,='. But for a series 

V 
of assumed values of ~- the correspond- 

p ' 

ing values of — may be computed and 

tabulated. A sufficiently extended table 
would answer all cases, requiring condi- 
tions for the maximum efficiency. 
If n=l, then (50) reduces to 

^ ^=(^)' ■ ■ ■ '"' 

p 

Eliminating ~ between (50) and (39) 

we find the maximum of V", or for the 

infinite receiver, with n as in (39); 

(52) 

From this, for n=\, or for (61) in (40) 
we obtain for V'=x and n=l the max- 
imum of V'" 
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=2P,V,(l-(i.)'*) . . (53) 

Conditione for Equal Work of Cylin- 
ders. — In practice it is probably desirable 
that the cylinders do equal work, partic- 
ularly 80 in the Worthington pumping 
engine, where the espeeially important 
point is made of destroying the "water 
hammer'' in connection with the water 
valye action, and of maintaining perfect 
imiformity of pressure and motion of the 
traveling water column. 

To obtain an equation which shall ex- 
press the conditions necessary for such 
equality of work of the two cylinders, we 
have only to place the numerator and de- 
nominator of (45) equfll to each other, 
which becomes 

?i=(M.N;.)(L)"(:.^)"-. 

.... (54) 
In using this equation it will be nec- 
essary to assume a set of volumes and 
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p 
find the ratio ^p^ , a satisfactory value 

for which may require ee'veral trials. 
If V'=oo (54) redaces to 

If H=l, alBO, 

This laet is the eame ae (51), which 
gives the condition for a maximum effi- 
ciency. He^ce, for the case that the 
receiver has an infinite volume, and n=l, 
the engine works with its masimom effi- 
ciency when the cylinders do equal por- 
tions of the work. "When the receiver is 
eight or ten timee as large as the low- 
pressure cylinder, this engine, with its 
valves, working as stated, is not far from 
working with its masimum efficiency. 

VI. Solution foe the Secosd Valve 

Movement of Fig. 21 . 

The complete diagram of steam action 

in continuity for this case is shown in 
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Fig. 23. The notation ia as bafore, AC 
being the volume of the three parts V,, 
V,. and v. 

The piston motionfl are the same here 
aa shown in Fig. 21, and, indeed, the 
same as in V. The sole cause for the 
differenoe in dia^^ms is in the valve 
movement, as indicated in the second part 
of Fig. 21. 

Tk» Compiete Diagram and Indicator 
Cards. — When the H-piston has com- 
pleted its forward stroke, all nnder the 
full boiler preBSnie P„ the boiler steam 
is to be immediately cut off, and to be 
exhausted into the receiver. The result- 
ingpressureis BJ=DI=P , The valve 
remains open, and ths H-pieton stands, 
while the L-piston makes its stroke. Tho 
latter starts while the volume of active 
steam is that in the receiver and H-cylin- 
der together, and equals AD=V, + V, 
Hence, the expansion line for this stroke 
is IH, drawn with the point A for the 
zero of volumes. Immediately on com- 
pleting the stroke, the admission valve 
from the receiver is closed, retaining the 
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^team in the L-cylinder while its piatOD 
fitaode. Coneequently the H-piston 
Htarts its stroke with a back pressure 
DK=CH of the terminal stroke of the 
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L-piston. The volmne subject to this 
back presBure is AX> at the start of the H 
piston, but during this stroke It is com- 
pressed to AE, giving the compresBion 
line KQ. Then the Talve immediat^y 
opens, as explained, to release the high 
steam which made this stroke. This 
steam expands against that in the receiyer, 
"which was compressed on the back stroke, 
giving the actual compression curve GJ' 
and expansion curve FJ' ; the pressures 
EG and EF meeting in a common press- 
ure at J'. Then the L-cjlinder starts 
again on the curve IH, while the H-pis- 
ton stands, and so on In repetition. 

The valve movement is thus seen to be 
peculiar. Here, instead of the valves of 
one cylinder all moving simultaneously, 
and so with the other cylinder, they move 
in alternation. I'his will compUcate the 
valve-gear somewhat. 

It is to be observed that by this ar- 
rangement, the high steam is at once re- 
leased from the H-cylinder on completion 
ot stroke, so that it is available to the L- 
cylinder. Also, in the L-cylinder, the 
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steam ia retained ivhile tliat piston 
stands, instead of being at once ex- 
hausted ; the object being to keep this 
cylinder hot as possible. 

Ifature of t?te Sxpanaion and Com- 
pression Lines.— Ihe point of zero of 
Toiumes for the curves HI and KGJ' or 
J, is A, Fig. 23, while for FJ, or FJ', it 
is D The back pressure line of the L' 
cylinder is QS. 

Area of Diagrams and Qenerai Equa- 
tions. — By aid of (7) and Fig. 23 we are 
able to write out 

AreaaEDK=P.^'{(l4;P} 

=PiV,Q . . . (57) 
if 

V +V' I / V X"-' ) 

and 

IIX.H=P.L±i^i(..^)l1} 

=P*V,S . . . (59) 
if 
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For the particular case that « = 1, 
we have 

(GEDK)„=,=Pt(V, +T}hyp.log.(l + ^) 

. . . (61) 
and 

aDCH)„=, 
=Pt(V,+V,+ V>yp.log.(l + y^) (62) 

in all of which Pt=the presaure DK= 
CH. 

Now the work done in the high-press- 
ure cylinder will be 

FGKL = P, V, - GEDK . . (63) 

and in the low-pressure cylinder it will be 

IQSH=IDCH-P,V, . . (64) 

For the engine working in continuity 
the work developed during a half cycle, 
or for one stroke of each cylinder, or by 
each high-pressure cylinder full of steam, 
will be the sum of (63) and (64), or 
U=(P,V,-GEDK) + (IDCH-P,V,) 

=P,r,-PiV,Q-P,V, + PjtT,S. . (65) 

But in these equations P* is as yet un- 
known. Regarding J and J' as coiuci- 
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dent on tiie adiabatic KQ produced, then 
from the proportionality of honzontat 
intercepts between adiabatics, we may 
write 

HK_AC_ Y, + Y,+Y' T, 

IJ ~AD~ V, + V' "^"""V.+V 



p. 



=&)=(^)"('-y^.)"<-> 



PiP. I^A'I,. f, \-IP._P, ,„, 

p:p,=kM^+vrtv'i -p; p;"> 

This introduced in (65) gives in known 
terms the amount of work per bigh- 
presBnre cylinder fall of steam, viz. : 

u=p,y,]i+(;;s-q)(;.)"(i+^^^)"- 

PV I 

~P^f ■ ■ ■ ■ <68> 

If «=M, the term ( l+_-^i_-j drops 
out. For « and n=\, 
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If V'=QO,aiid a and « as in (68), 
wfl get 

...=P,v,|>-(L)V(L)"-ILL| 

.... (70) or {39> 
the same as (39). 
If V'=::qo , and a and n=l, we get 

r"'=P.V,( 2-:^^^j!^') (71) or (40) 

the same as (40). 

One fact to be observed particularly, in 
comparing these equations with those for 
theYsolution, is the perfect agreementof 
the expressions for the work U as soon 
as V is made infinite. This is evidently 
as it should be, since for an infinite vol- 
ume of receiver it would not matter 
whetberthe high pressure exhausted into 
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it immediately on completion of Btroke, 
or whether the exhaust were stayed each 
time during the half stroke ; because the 
pressure could not vary appreciably in 
the infinite receiver during this time. 
For the infinite reoeiTer it ie only essen- 
tial that equal weights be received from 
the high cylinder, and delivered to the 
low cylinder per stroke, the strokes being 
regarded as the same per minute for one 
as for the other cylinder. 

The coincidence of the expressions for 
work, for the ease of an infinite receiTer, 
is ther^ore expected ; and the fact of co- 
incidence corroborates the analysis. 

These equations (68) to (71) serve in 
calculations for duty where the whole 
work done for a period is compared with 
the coal consumed. In selecting the 
equation for use, judgment must be ex- 
ercised as to the degree of approxima- 
tion necessaiy in the case, and as to the 
proper values of a and n. Wet steam will 
require different values than dry, the value 
of a for such case being more properly 
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m, a& fonnd in the table following equa- 
tion (1). 

Pressure at Different Points of Steam 
Action. — To determine the preesure of 
the steam at different points of action in 
the engine, jee observe first that forV"' = 
00 , the proBBures at H, I, J, and K, Fig. 
23, become one and the same ; that is to ' 
say, the pressure in the receiver remaiiiB 
constant, and the indicator diagrams for 
the two cylinders are simple rectangles. 

For the pressure at I or J see £q. (€6). 

For the pressure at H or K see £q. 
(67). where Ft=P,. 

These give the initial and terminal back 
pressures in the low cylinder, and the 
initial back pressure in the high cyhnder. 
The terminal back pressure in the high 
cylinder is Pj =EG, for which, by aid of 
Fig. 28, we may write 

&=(^)=('4:)' 

Combining with (67), 

p,p, \ +v'/ \v,/ l'+v,+W p, 

(72) 

un.izMn, Google 



172 

If V'=oD, these equations, as well as 
(66) and (67), reduce to 

a common preesure, or a cooetiant pi-esB- 
ure of receiver, as above stated, for the 
case the receivei- is infinite in volnme. 
This eqaaiion also shows that n is the 
only exponent upon which the pressure 
of the infinite receiver depends. It also 
gives the pressnre to which that of the 
receiver approaches as V is made rela- 
tively very large. 

Equation (67) shows that if a=n, as it 
will nearly for wet Bteam, the prassure at 
H or K,=p5, will be entirely independent- 
of V whether V'=oo or not. In this 
case the larger the receiver the greater 
will be the proportion of work done by 
the high cylinder, and the less by the low 
cylinder, as indicated by Fig. 23. The 
pressure P, is here the pivotal prrasure. 

It is a curious fact that for a=n, the 
so-called pivotal pressures, for both valve 
movements shown in Pig, 21 have one 
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and the same value; as indicated by 
■eqnations (86) and (67) for a=n. That 
is to eay, for giTen initial pressnree and 
ratio of cylinder Tolnmes the presBures 
of Pj of Fig. 22, and Pt of Fig. 23, are 
equal and constant, whatever the value of 
T'. Again it is immaterial to this press- 
ure whether a=M,or V=oo ; and it is 
given by (44) or (73), another evidence 
that for the infinite receiver the mode of 
operation of valves is unimportant, 
whether according to lat or 2d of Pig. 
21. 

The ratio of equations thus : 

(67) >' 

shows that the second valve movement 
results in a greater ratio of expansion 
than the first when V is not infinite. 

Jielative areas of Indicator Cards. — 
To find the relation between the amounts 
of work developed by the high pressure 
cylinder and the low, we may take their 
ratio thus: 
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Wk-H-Cyl. 



AWi' 



For a and n=l; 


X+V') " 


(74) 


V 4-V' / V 

1-^^^ typ.i°g.( i+4v 


) 


If V'=oo , and a and n as in (74) 


(75) 


-(^r 

^m"-^ 




. (76). 


If V'=«j,andaand« 


=1, 




-4r 




(77) 


, P.v, ■ 



Eqnations (76) and (77) are seenio be 
identical with (47) and (48), which is 
evidently correct for the infinite receiver. 

The heat required for making the. 
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Bteam, also the expression for the efQ- 
ciencj is eTidently the same here as in 
the first form of engine. 

JUddetmum. Sfficienci/.—The maximum 
of (68) or (69) may be found by the same 
process as indicated for (37) or (38). 
The maximom of (70) is the same as for 
(39), because the equations are identical. 
Hence for U" the conditions for a maxi- 
mum are obtained from (50) ; also (51) 
follows forn=l. Hence the maximum 
valnee of D'' and V" for the present 
case are found in equations (52) and 
(63). 

But it is a remarkable fact that the 
maximum efficiency of this engine is ex- 
actly equal to that of the Woolf engine, 
without receiver, shown in Fig. 17 above. 
That is to say, when a=n=m, equation 
(15) ia the maximum of (€8). This can 
be proved by using for the expression of 
the work, the same as (68) obtained by 
aid of (57), and the corresponding one 
for Uie L-cylinder ; also (67) ; and finally 
the relations 
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V, V. + V _ Y,+V,+V ' 
V,~ V ~ V, + V' ' 
obtwned from Fig. 23. on the euppositioQ 
that V ia made bo Hmall that the com- 
pression line KG is so raised that it ex- 
tends from'K direct to F, This com- 
pression line then becomes a cushion 
line, such that on the return stroke of 
the H-piston, the remaining steam is 
compressed and forced into the receiver 
until at the end of the return stroke the 
boiler pressure is just restored at F. 
The bize of the receiver for this special 

case is V == — 1=- ; also the isod^amic 

expansion now vanishes so that this 
maximum is general. 

Conditions for Mquai Work of Cylin- 
ders. — That the cylinders do equal work, 
the numerator and denominator of (74) 
must equal each other which condition 
gives 

.... (78) 
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the aolntion of which may be prooeeded 
with as suggested for (54). 

ItY'~x, iim expresdon reduces to 
the same as (56), as it should ; also to 
(56), for n=l. This last is seen to be 
the same coudition as for the maximum 
efficiency, for V'=x and n=l, ae stated 
for the first engine, in which respect the 
engines agree. 

The Infinitude o/ Possible Pump 
Movements. — In all the preceding cases 
the piston motion has been regarded as 
such that when one piston moves for 
making its complete stroke the other pis- 
ton stands still at the end of its cylinder, 
and vice versa, as first done in the cele- 
brated Worthington pnmping engine, 
and recently In many others. But com- 
pound pumping engines are in use in 
which we find the three parts V,, V, and 
V as above, but with different piston 
and valve motions, as, for instance, in 
case of certain Cope & Maxwell pumping 
engines. 

Bespecting the possible variety of en- 
gines due to unlimited suppositions for 

u,3,,zMn, Google 



178 

piston motion, or valve motion, or both, 
it appears to be infinite. For almoet any 
one of these the diagrams corresponding 
with Fige. 22 or 24 become exceedingly 
difficult to delineate, except for the simple 
ca8ey=aQ. For instance, there might 
be the tarrying of the pistons, each for 
half or other fraction of its time; but 
with the relative period of strokes indif- 
ferent. The Bteam cylinders might be 
of eqnal volume, while one makes twice 
as many strokes as the other, and thus 
obtain expansion. This is admissible 
with or without tarrying of pistons. 
While the high piston tarries, its valve 
might open into the receiver at any point 
of time in the period of tarrying. And 
the low cylinder might close its valve 
from the receiver at any point in the tar- 
rying of its piston. A compai'atively 
simple case is that where the pistons do 
not tarry, and where the valves all work 
promptly on the termination of the 
strokes of their respective pistons. IJut 
here the periods of strokes of pistons 
might be in any given relation. 
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VJI. — Steokes Co-initial and Co-tebmi- 
nal; without Tabbtin<i. 
For this case a little consideration will 
show that it matters not at which end of 
6tFoke one piston is, while the other 
starts at a particular end ; because, for 
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either one piston, the same changes oc- 
tiax at one end as at the other end of 
etroka And let there be no tarrying, 
bat both pistons moving continuonely. 
For this, a little consideration will show 
that this engine may be rotative, with 
«TankB at 180°, and one cylinder to each, 
and that it is the same as any. Cases I 
to IV, and Figs. H to 14. 

VHI, — Steokes Interfluent, without 

TABE\TNa. 

As an example of a case not quite so 
simple, and to show the effect of inter- 
ruption due to the exhaust into the re- 
ceiver from the high cylinder while the 
low cylinder is making its stroke, let the 
reversal of stroke for either piston be at 
the midstroke of the other. Then Fig. 
24 may serve to indicate the relation be- 
tween piston positions for continuity. 
The part H refers to the high cylinder, 
and L to the low. Now suppose H on 
the point of exhausting into the receiver, 
and let a represent the beginning and a' 
the Nid of this operation. This takes 
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place at the midstroke, a, of the L-pis- 
ton, KB shown in th« L part of the 
diagram. As H eshaiiHta, the Tolimie 
of receiver and oonnectlons will in- 
crease in the operation by an amount 
aa' on a proper scale. Now the H-pie- 
ton travels from a' to b, while the L- 
pisfcon travelB from a to b. Then the L- 
cyhnder exhausts into the air or con- 
denser, and its volume is cut oflf from the 
receiver to begin a new cylinder full. 
This volume cut off from the receiver is 
bb', as shown on the L part of the figure. 
This takes place at the midetroke b of 
the Hpiston ; see Fig. 24. And thus 
these operations continue, as can readily 
be traced from Fig. 24. 

Now when a piston makes a half- 
stroke, the change of volume of the re- 
ceiver and connections will not change 
by that amount alone, because two pis- 
tons are in action simultaneously, and 
the change of volume just referred to 
will be due to the combined movements 
of pistons, one of which (the H) is com- 
pressing, and the other (the L) is ex- 
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panding this volume. We obBerve that 
the high piston aiways compresses, and 
the low espande this volume. 

The letters a, b, c, d, etc, on Fig. 24, 
for any one letter denotes a single point 
of time, so that by referring to any single 
letter we can at once see the relative po- 
sitions of both pistons. The stretches 
between a and a', c and e', etc., or b and 
b\ d and d', etc., indicEite shifting of 
action from end to end. Thns, when the 
exhaust is completed from one side of 
the H-piston, it immediately begins from 
the other side. 

For the simultaneous positions, a, we 
see that the L-pieton is at midstroke, 
while the H-piston is exhausting, d'ust 
before b^inning the exhaust, a, the to- 
tal volume in the receiver and oonneo- 

V 
tions is V +-^1 and just after it is V + 

V 

-T^-j-Y., as can easily be traced. For the 

point b, the H-piston is at midstroke, and 
the L-cylinder is on the point of exhaust- 
ing and changing the volume from 



V'+V, + -„-i to V'+-5i, etc., etc 

These changes of voltime of receiver uid 
connectioDS axe better shown in Pig. 25, 

The Complete Diagram. — The shaded 
ureas of Fig. 26 are the indicator cards 
for the cylinders. The Tolumes indi- 
cated show to which either card belongs. 
All besides the shaded cards iire con- 
struction lines used in obtaining the ex- 
pansion lines and cards. 

The lower part of the figure shows the 
variations in volnme. AB=y' is the 
volame of the receiver itself. At a we 
have the L-piston at midstroke, while 
the volmno in the receiver and connec- 



cylinder is ready to exhaust, and add the 
volume a«'=Vj. The line at a'b is the 
variation of volmne in the receiver and 
connections for the half-strokes shown for 
a'b and ab ■ in Fig. 21. Both pistons 
move for this, one to reduce, and the 
other to enlarge the volnme considered. 
The result is an enlargement to the point 
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b, or to the Tolmne 'V'+'V, + -^. Then 

the L-cylinder Talves are reversed, and 
the volume bb'='V,iB cut off, leaving only 

V 
V' + -~. The volume b'c is dae to com- 
bined two balf-strokea eimilarl; as in a'b. 
Then cc' is like aa', etc. 

No^ the expansion line for the change 
of volume a'b, or c'd, etc, is c'd above, 
in the upper part of Fig. 25. This is 
drawn from A as the zero of voliunes. 
Also the expansion hne for i>'c, or d'e, 
etc., is d'e above. For this the zero is 
also at A. When the H-cylinder exhausts 
into the receiver and connections, the 
volume is raised from 

¥'+-5^10 V'^-^^ + V,, or from C to D; 

the ateam following from a high-pressure 
point, C, giving the expansion line Cc', 
the latter meeting the compression line 
cd''"' as shown. The resulting pressure 
is that for the point c'. The expansion 
from C is for a zero of volumes at D, as 
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vUl be understood after studying Figs. 
22 and 23. 

The diagrame are drawn at one side 
and the other, to avoid confusing the 
figure. 

Now as the Hcylinder exhausts, the 
pressure becomes that at c", when the H- 
piston begins its back stroke with a like 
back pressure. Owing to an increase of 
Tolume during this batjk stroke, the line 
that would be a compression hne for this 
cylinder alone, becomes a falling or ex- 
pansion hne as shown ; first, as far as to 
d while the L-piston makes a half- stroke ; 
and then as continued to g for the other 
half, but with a diminishing volume in 
the receiver and connections. Hence, 
the lower line c'de of the H-cylincler card 
is a broken line as shown. 

The L-cylinder expansion line is in two 
parts also, that at d'e being due to the 
fall of pressure for the first half of stroke 
as traceable by lettering. At the mid- 
stroke there is a sudden rise of pressure 
ec', due to the exhaust of the H-cyhnder 
into the receiver. From this point ex- 
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P&nsion contmues ou a new line due to a 
different pressure and volume. 

Witliont entering into analysis, it is 
probably safe to predict that for an in- 
finite volume the pressure in the receiver 
will be the same as by (11) and other 
equations ; that is to say, the efficiency 
is still the same as previously given for 
an infinite receiver, and nearly so for re- 
ceivers relatively large. Hence, when 
the receiver is very large as compared 
with the cylinders, and when there is no 
cut-off to either cylinder, the efficiency of 
engine remains very nearly the same, 
irrespective of the pistonmotion or valve 
motion. Whether there be an advantage 
in any form of valve or piston motion, 
for a finite receiver over the infinite, will 
perhaps be best shown by the numerical 
results sabsequently given. 

For the large receiver it is evident that 
espansion may be obtained equally well, 
either with equal strokes and unequal 
cylinders, or unequal strokes vrith equal 
cyhnders, or both combined. 
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IX. — The Tandem Dciplek Compoond 
PuMpma Engine. 

This engine differs eaeentially from the 
preceding by having four cylinders and 
no receiver. 

Such an engine ia shown in Fig. 0, in 
which there are four steam cylinders, 
two of oae dze and two of another size ; 
one large and one small cylinder are seen 
arranged in line of each one of the two 
piston-rods. The two on one piston-rod 
form one complete engine of the Woolf 

Thermo dynamically, this engine might 
be treated without -the consideration of 
duples, because in reality there are t-vo 
distinct engines in this form of duplex. 
We will treat one part as covering the 
whole in principle. 

Here one cyhnder may be placed in 
line with the other, on a common piston- 
rod, and when so related the arrange- 
ment IB called "tandem." But the ar- 
rangement is immaterial, provided the 
strokes are co-terminous and without 
tarrying. The steam is to be delivered 
directly from the high-pressure cylinder 
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, into the low, without tha intervention of 
the receiver. Also, here the Bteam is 
eai^>osed to be admitted to the H-cylin- 
der for the full stroke, and full pressure 
of boiler ; it is then to be exhausted, or 
transferred to the other cylinder during 
the whole stroke, which stroke is in com- 
mon for the two pistons. In this way 
the volume of eteam which occupies the 
H-cylinder at the end of one stroke, is ex- 
panded to the volume of the L-cylinder 
by the end of the next stroke. 

Equation (15) is to be employed for 
this engine if there be no receiver ; or, 
in the existence of a receiver, eveu in- 
cluding the intermediate communicating 
pipe as such, equation (14) will apply. 

In these discussions the engine itself 
is the only part of the machine brought 
into account, but in the practice of steam 
pump engineering there are essential 
considerations relative to the pump as 
well, some of which have already been 
referred to. 

NuuEBiCAL Results For Coxfarison. 

A few results have been computed and 
collected in the following table : 
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For the first column, (S7) waB nsed, 
Kad for the eecond (6S) ; that is, tlie com- 
plete formulae were put to the test. 

The feed-water was assumed at the 
temperature 149" F., and the baek press- 
ure 3.62 pounds per square inch, abso- 
lute. 

The exponent a was taken at f = 
1.3333, » at 1.0456, and for the tandem 
engine, m was taken at 1.135. The value 
of a is probably too high for ordinary 
practice where steam is likely to be su- 
persaturated ; probably the best value 
for practice lies between 1.1 and 1.2. 

In looking over the table we at once 
notice the glaring fact that the tandem 
engine excels all the other pumping en- 
gines in efficiency, and by a considerable 
percentage. At 23 poimds per sqnare 
inch apparent pressure, the excess of 
efficiency of the tandem over the VI is 
about 17 per cent, of the efficiency of the 
latter. For 104 poniiids per square inch 
apparent pressure, the same is about 32 
per cent. 

A second important fact respecting the 
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two vslve movemeDtB, Tiz., that of the V 
and YI ie that the latter is a high per- 
centage above the other. 

A third important fact appearing in 
the table, is that in the TI moTement, 
the efficiency is a very considerable per- 
centage greater when the receiver is 
small than when it is infinite, a fact in 
support of the conclusions of solutions 
of VI and VII. Compare columns 5 and 
6, For the 6, the receiver is only twice 
tfi large as the low pressure cylinder, and 
yet the efficiency here is from 8 to 10 per 
cent, higher than for the engine with an 
infinite volume. 

For V, however, the case is the reverse, 
but in a greater ratio ; that is to say, the 
efficiency is lowered from 13 to 17 per 
cent., by dianging the receiver from an 
infinite voliune to one only twice as large 
as the low- pressure cylinder. 

As to the value of n, it appears that 
the efficiency does not change materially 
when n changes from 1 to 1.0456. 
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